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Summary of the thesis 
 
Patients having completed rehabilitation after undergoing THA demonstrate a 40 % reduced 
muscle strength, 26 % lower maximal oxygen consumption (VO2max), 42 % reduced work 
efficiency and an asymmetric loading of the limbs 3-5 years after completed rehabilitation 
when compared to healthy age-matched subjects. The reduced VO2max in THA patients 
implies increased risk for co-morbidity. The results indicate that the current rehabilitation 
programs are inefficient in restoring muscle strength and aerobic endurance performance in 
THA patients. 
 
Unilaterally and bilaterally operated THA patients demonstrate similar outcome in VO2max, 
work efficiency and gait patterns. A bilaterally operated group with normal medial femoral 
head offset (FO) in the hip joint was compared with a bilaterally operated group with FO < 5 
mm of preoperative values. No differences in hip abductor muscle strength, VO2max, work 
efficiency or gait patterns were found between the bilaterally operated groups.  
 
Maximal strength training with few repetitions, heavy loads and maximal concentric 
contraction is an efficient and safe treatment in the early postoperative phase for patients 
undergoing THA. Maximal strength training improved rate of force development (RFD) by 65 
%, hip abduction by 87 % and leg press by 65 % in the operated leg compared to conventional 
rehabilitation. The results of 4 weeks maximal strength training starting 1 week 
postoperatively compared with conventional rehabilitation programme, equalise those of THA 
patients operated 3-5 years ago.  
 
6-12 months after THA, the early maximal strength training intervention resulted in improved 
work efficiency by 29 and 30 %, respectively and an increase in RFD by 74 % after 12 
months compared with the conventional rehabilitation programme. Work efficiency and RFD 
are important functional parameters as the oxygen needed to perform a specific task is 
reduced and the risk for falling has shown to be lower with improved RFD. 
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1 Introduction
Total hip arthroplasty (THA) is a common procedure in orthopaedic surgery (175). THA is 
reported to relieve pain, improve function, increase mobility and psychosocial well-being. 
The success rate of THA is high and associated with high patient satisfaction (98). In 2004, 
the reported rates (per 100,000 population) for THA for the United States, Canada, Australia 
and New Zealand ranged from 70–150 (2, 92). In Norway, the total number of primary THA 
was 6.804 in 2008 (69). As the population lives longer, the incidence of obesity (4) and 
inactivity increases, it is anticipated that the number of THA will increase (172, 175). Since 
the first stainless steel acetabular and femoral component was implanted by the Englishman 
Philip Whiles in 1938, great developments have occurred concerning design of the prosthesis 
components, surgical technique and improvements in hygienic standards. Sir John Charnley 
was probably the first hip surgeon to introduce standardized procedures securing a successful 
outcome of THA (137).  
 
Despite the development in surgical technique and implant design, relatively few changes in 
the postoperative rehabilitation programmes have occurred. Orthopaedic clinical research has 
been criticized for giving more attention to the construction and design of the hip implant than 
the functional adaptation of the patients (57). Early rehabilitation of the weakened 
musculature is anticipated to be of greater importance than the biomechanical reconstruction 
itself (33, 152). Studies of postoperative gait patterns, muscle strength and functional 
outcomes have suggested that rehabilitation of THA patients ought to include programs that 
particularly address strengthening of the hip abductor muscles (80). During the first 6 months 
postoperatively, improvement in hip abductor strength reaches only 50 % of normal values 
and leaves the hip relatively unguarded (139).  
  
Current rehabilitation programs for THA patients seem to be inadequate in restoring muscle 
strength and aerobic endurance performance levels to those of healthy age-matched 
individuals (54). A higher demand on the quality of rehabilitation is expected as a 
consequence of  the trend towards younger subjects to be scheduled for THA together with a 
predominance of the post-war generation in the population (172) with higher expectations to 
regain their normal activity level (66). The focus in future rehabilitation of the THA patients 
should be to restore the function level towards healthy subjects, a scenario possible within 
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today’s advances in effective training methods. Finally, full recovery may prevent co-
morbidity (129).  
 
1.1 Osteoarthritis of the hip and THA
The main cause for receiving THA is either idiopathic or secondary osteoarthritis (OA) of the 
hip. OA is a disease where the loss of articular cartilage in the normal load-bearing area of the 
joint is present (142). The prevalence of OA of the hip increases with age (49) and increased 
body mass index (BMI) (50). Heavy lifting, farming and athletic activity are activities that 
may increase the risk of developing OA. Trauma, osteonecrosis, sepsis, epifysiolysis, 
dysplasia coxae and rheumatoid arthritis are diseases that may lead to secondary OA (72). The 
disease is characterized by moderate to severe pain during physical activity as well as at rest, 
contracture of the hip joint, instability and hip abductor weakness that may result in a 
Trendelenburg gait pattern (84).  
 
THA consists of 2 components; a femoral stem with a head and an acetabular cup. The most 
frequent materials used in femoral stem are stainless steal, titanium or cobalt-chromium. The 
femoral stems are designed as monoblock or modular. Monoblock prostheses consist of 1 
component whereas a modular prosthesis allows for adjusting tension, leg length and lever 
arm of the hip abductors by using femoral heads with various neck lengths. The acetabular 
component has a modular or a monoblock design as well. The modular component have a 
metal shell with a liner attached to the inside of the shell and is fixed to the acetabulum with 
or without bone cement. The bearing surface of the artificial joint consists of steel, cobalt-
chrome or ceramic on the femoral head and high-density polyethylene, ceramic or cobalt-
chrome on the inner surface of the acetabular cup (28).
 
1.2 Biomechanics of the hip 
Alterations in joint anatomy caused by surgical procedures can change the force acting across 
the joint and the stresses developed in the articular surfaces. Alterations to the moment arms 
of the hip muscles and the area of contact between the femur and the acetabulum are major 
anatomical considerations. A valgus neck angle decreases the moment arm whereas a varus 
neck angle/increased neck length increases the moment arm (84). 
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The hip abductor muscle group is crucial in order to stabilize the pelvis and to a normal gait 
without limping (33, 47, 133). The muscle group mainly consists of the gluteal muscles. In 
addition, the m. tensor fascia latae is known to contribute to the abduction movement in the 
hip joint. Laboratory studies have demonstrated the iliotibial tract to balance a significant 
tension of the proximal lateral aspect of the femur (195). Standing with equal weight on each 
leg, minor use of the hip abductor muscles is necessary. The resultant forces needed for one 
legged and two legged stance, respectively, can be calculated. The force is 1/3 of the body 
weight during two legged stance whereas the forces needed to perform one legged stance is 
larger than body weight. The body weight axes are medial to the centre of rotation of the hip, 
and to regain balance, the abductor force needs to be on the standing leg (183). The greatest 
contributor to the forces is the musculus gluteus medius (122). The reason for the enhanced 
force needed during one legged standing is that the abductor weight arm is shorter compared 
with the body weight arm. The ratio is approximately 1.8 (194). Weak hip abductors, and in 
particular the musculus gluteus medius, will result in a typical gait pattern, the Trendelenburg 
gait (8). Trendelenburg test is positive if, when standing on one leg, the pelvis drops on the 
side opposite to the stance leg (62).  
 
Medial femoral head offset (FO) is a topic of interest in THA. The importance of a correct FO 
in THA surgery has been emphasized in the literature (13, 14, 33, 100, 119, 188). FO is 
defined as the as the perpendicular distance between the long axis of the femur and the centre 
of rotation of the femoral head. FO is one of the contributors to increase the hip abductor 
moment arm and thereby influence hip abductor strength. By increasing the FO during 
surgery, the hip abductor moment arm can be increased (38). A 5 mm reduction in FO 
compared to the normal FO of the patient leads to an increase in the hip abductor forces of 
approximately 17 Kg (170 N), corresponding to about 10 % increase in the hip abductor 
forces that is needed to stabilize the pelvis in a 75 Kg individual (84). FO has been reported to 
correlate positively with hip abductor strength and it has been suggested that greater FO after 
THA allows increased range of hip abduction and greater hip abductor strength. In addition, a 
large FO increases stability due to reduced risk of impingement and improved soft-tissue 
tension (119). Too large FO is stated to increase the small relative motion between the 
implant and the bone (micromotion) and affect implant stability (42). The clinical 
implications of a large FO for the patients is difference in leg length and a higher incidence of 
trochanter bursitis, leading to pain due to a tight iliotibial band (45). 
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1.3 Surgical approach 
The surgical approach for THA is required to meet several demands. The approach needs to 
provide a wide exposure to the hip joint and be easy to extend if complications occur. 
Furthermore, nerves have to be avoided and protected (sciatic and femoral nerves) (127). The 
surgical approach have major impact on THA stability and hip abductor muscle function 
(113). Several surgical approaches are used for THA, each with positive and negative aspects. 
The choice of approach is frequently based upon the surgeon experience rather than clinical 
trials. The most common approaches are the lateral approach with trochanteric osteotomy, the 
direct lateral approach, the posterior approach in addition to the anterior approach (86).  
 
1.3.1 Direct lateral approach (transgluteal approach) 
The direct lateral approach is the most common approach for THA in Norway (69). 
Performing the direct lateral approach, the hip is exposed through a posterior curved, lateral 
skin incision. Thus the common muscle plate of the anterior 1/3 part of musculus vastus 
lateralis and musculus gluteus medius is dissected subperiostally from the greater trochanter 
(86). The advantage of the direct lateral approach is an excellent exposure of the acetabulum 
which may reduce the risk of dislocation since the positioning of the acetabulum cup is 
facilitated (16, 86). Furthermore, the risk of injuring the nervus ischiadicus is reduced. 
Disadvantages are increased risk of injury to the superior gluteal nerve, failed reattachment of 
the gluteus medius muscle resulting in limping, and a reduced exposure to the femur (86). 
 
1.4 Aerobic endurance and maximal oxygen consumption
Aerobic endurance refers to the ability of a subject to perform large-muscle, whole body 
physical activity at moderate or high intensities for an extended period of time (136). 
Maximal oxygen consumption (VO2max) is defined as the highest oxygen consumption an 
individual can attain during exercise at sea level using large muscle groups (196). Oxygen 
consumption (VO2) is the product of cardiac output (CO) and arterial-venous oxygen 
difference ([(a – v) O2 difference]) (151) and measures the ability of the body to transport 
oxygen from ambient air to the mitochondria. The transport of oxygen (O2) may be limited by 
the central (pulmonal diffusing capacity, CO, O2 carrying capacity of the blood) and 
peripheral factors (skeletal muscle capacity) (17).  
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VO2max, running economy and lactate threshold are factors determining aerobic endurance 
performance. VO2max is considered the single most important factor (136) and a high VO2max is 
necessary for a success in e.g. middle- and long-distance running (17). Furthermore, VO2max is 
reported to be a strong predictor of cardiovascular and all cause mortality (59, 88, 91, 111, 
129).  
   
1.5 Training for muscle strength and power 
Muscle strength is frequently defined as the maximal force or torque developed by a muscle 
or a muscle group performing a particular joint movement whereas power is defined as the 
product of force and velocity (95). A majority of strength training programmes is based upon 
a system of exercise to one repetition maximum (1RM) presented in 1945 by DeLorme (41). 
Repeated testing in a particular movement at increasingly higher loads leads to a point where 
the subject is able to perform the movement only once. The mass lifted is described as the 
subjects 1RM for the particular movement (95). Increase in muscle strength can occur due to 
adaptations in the nervous system (neural adaptations) or in the muscle itself (hypertrophy) 
(20, 150). 
 
1.5.1 Neural adaptations 
Neural adaptations influence activation of muscle and/or the velocity and force of the nerve 
signal. The term neural adaptations involves several factors such as alterations in recruitment, 
rate coding, synchronization of motor units, reflex potentiation, co-contraction of antagonists 
and synergistic muscle activity (coordination) (19). In the high threshold motor units, the 
majority of muscle fibres are type II fibres (fast twitch fibres). Strength training performed 
with heavy loads (3-5 RM) recruits the high threshold motor units in contrast to light loads 
(12-15 RM) which predominantly recruit low threshold motor units. Peak power output of 
type II fibres is 4 times higher than that of type I fibres (97) and the time of the force 
production of the muscle is dependent of the magnitude of Type II fibres (61).  
 
Neural adaptations are suggested to be predominant in the early stages (8-12 weeks) of 
strength training and is associated with muscle strength gains with no concomitant 
hypertrophy of the muscles and subsequent weight gains (19). Increase in muscle strength 
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without hypertrophy is regarded as an evidence for neural involvement (55). Furthermore, 
increased muscle strength in an untrained leg, when training the contralateral leg, is suggested 
to be a result of central motor adaptations (6, 36, 173). Several studies demonstrate increased 
muscle strength without muscle hypertrophy (6, 73, 85). To achieve maximal muscle 
activation, it is important to stress all motor units, especially high threshold motor units. 
Maximal strength training including few repetitions (3-5) with high loads, maximal 
mobilization of force in the concentric phase and long resting periods is an appropriate way of 
ensuring optimal neural adaptations to occur. In addition, it is of importance to perform the 
exercise with heavy loads at the highest velocity possible (19-21). According to Behm and 
Sale (21), the intended, rather than the performed velocity of a specific task is most important 
to increase strength. Findings by Almåsbakk and Hoff (7) point at development of 
coordination as a crucial factor in early velocity-specific muscle strength gains. 
 
Maximal strength training has been carried out successfully both in healthy subjects, patients 
with chronic obstructive pulmonary disease, coronary artery disease patients as well as in 
subjects above 80 years (37, 73, 75, 76, 87). 
 
1.5.2 Hypertrophy  
Skeletal muscle hypertrophy is described as an increased weight or cross-sectional area of the 
muscle after overload training and muscle force is reported to be proportional to the cross-
sectional area of the muscle (118). It is generally believed that the increase in muscle volume 
is a result of an enlargement of the muscle fibres due to increased muscle contractile protein 
synthesis, increased size and number of myofibrils and addition of sarcomeres within each 
muscle fibre (171). Whether increased number of muscle fibres (hyperplasia) contributes to 
the hypertrophy in adults is debated. MacDougall (106) claims there is little evidence for an 
increase in muscle fibre numbers as a result of heavy resistance training. Longitudinal muscle 
fibre splitting has been demonstrated in avian muscle after chronic stretch overload (11) 
whereas human autopsy data have revealed increased number of muscle fibres in the anterior 
tibialis muscle in the dominant leg (162). Yet, the hyperplasia issue is controversial, and the 
general consensus is that muscle hypertrophy primarily is a result of increased muscle fibre 
size and connective tissue area (106).        
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Hypertrophy training traditionally consists of several sets of 6-12 repetitions with submaximal 
resistance (60-90 % of 1RM) performed with slow velocity until exhaustion. Increased 1RM 
muscle strength only is of advantage in power lifting sport where the main goal is to lift the 
weight load and where velocity of the movement is of minor importance (97). Tesch and 
Larsson (171) demonstrated increased proportion of Type I fibres (slow-twitch fibres) in 
body-builders, resembling the muscle fibre pattern of endurance athletes. Increased body mass 
has been reported to be a consequence of long-term training for hypertrophy (74).   
 
1.5.3 Rate of force development
Rate of force development (RFD) is defined as the slope of the joint moment-time curve and 
expresses the subject’s ability to develop muscle strength rapidly (191, 193). Usually, it takes 
in excess 0.3-0.4 seconds to generate maximum force in human skeletal muscles (191). The 
RFD parameter has important functional significance, from an athlete’s performance in sprint 
or to prevent a fall in an elderly. The latter are performances characterized by a limited time 
to develop force (0-200 ms)(193). RFD has been reported to improve as a result of strength 
training based on the neural adaptation principles (37, 73, 76, 87, 141, 166, 192, 193). 
Furthermore, RFD has been identified as a contributor to improve work efficiency (73, 141). 
Improved RFD results in longer atonic periods between the contractions which in turn 
increase muscle perfusion and thereby improves work efficiency (192). Heavy resistance 
training with slow movements has been reported not to improve RFD (97). Häkkinen et al. 
(60) showed a decrease in RFD as a result of strength training with heavy loads and slow 
movements. A recent study demonstrated a more pronounced decrease in RFD compared to 
muscle strength in elderly subjects scheduled for THA (165), which is supported by others 
(78, 79). This finding highlights the importance of a strength training program that restores 
both muscle strength and RFD in this patient group. 
 
1.6 Muscle strength and aerobic endurance performance  
Work economy is defined as the oxygen needed to run/walk at a given, constant velocity (17) 
and can be expressed as ml · kg-1 · m-1 (68). Work efficiency reflects the percentage of total 
energy expended that contributes to external work, with the reminder lost as heat. Work 
efficiency is normally within the range of 20-25 % (114). Work efficiency is an important 
parameter in the performance of athletes, and may explain differences in performance despite 
  16
similar VO2max (18, 68, 126, 141, 154). Factors as mechanical skills or biomechanics, training 
velocity, muscle fibre type, VO2max, substrate utilization, muscle power and flexibility have 
impact on work efficiency (23). Joint stiffness, limb size, abnormal gait patterns and/or 
inadequate coordination, gender, age and body size are factors contributing to differences in 
work efficiency between individuals as well (138). More elastic energy is used and the energy 
required in breaking forces are reduced as a result of explosive strength training (154). 
Subjects with a high work efficiency use less energy and thereby less oxygen performing a 
specific task (154). Several studies report maximal strength training to improve work 
efficiency (58, 73, 75, 76, 85, 87, 124, 141). It is suggested that heavy strength training may 
lead to a higher absolute force production in the muscle fibres which may allow the muscle 
fibres to work at a lower percentage of maximal strength (89). In contrast, a few studies report 
no significant improvements in work efficiency after heavy strength training (26, 71, 89). 
 
1.7 Physical inactivity 
Physical inactivity has demonstrated to be a risk factor for a large number of chronic 
conditions such as cardiovascular disease, Type-2 diabetes, colon and breast cancer, 
hypertension, obesity, osteoporosis and depression (1, 29, 31, 135, 169, 181). Several studies 
report a relationship between inactivity and mortality (112, 129, 149, 185). Myers et al. (129) 
stated peak exercise capacity to be one of the most powerful predictors of mortality, and being 
more important than other established risk factors for cardiovascular disease (e.g. 
hypertension, smoking and diabetes) in both healthy subjects and in subjects with 
cardiovascular diseases. A 12 % improved survival was achieved by improving VO2max by 3.5 
ml per kg body mass (129). Ruiz et al. (149) report muscle strength in large muscle groups to 
be associated with death and cancer in men when cardiorespiratory fitness had been accounted 
for. Immobilisation influences health tremendously; exemplified by McGuire et al. (120) 
demonstrating 3 weeks of bed rest to have larger influence on aerobic endurance performance 
than 30 years of ageing. Immobilisation induces loss of muscle strength. When immobilising 
an extremity in cast, the decline in muscle strength is most pronounced during the first days of 
immobilisation with a strength loss of 3-4 % per day during the first week (12). Weakened 
muscles are common side effects following major surgery (e.g. THA and knee surgery) (186). 
Wigerstad-Lossing et al. (186) demonstrated reduced muscle strength, muscle cross-sectional 
area, changed muscle fibre composition and area as well as reduced activity of muscle 
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enzymes in the immobilised leg (cast) of patients undergoing knee surgery. THA patients 
have a co-morbidity health risk due to inactivity, especially because of pain induced inactivity 
before the hip replacement, but also after the replacement because of reduced function. An 
atrophy of type IIA and IIX fibres in the gluteus maximus, medius and tensor fascia lata 
muscles in THA patients as a result of disuse has been found preoperatively, and the findings 
persisted 5 months postoperatively despite physical therapy exercises (144). Co-morbidity for 
a group of 78 year old hip fracture patients were 65 % cardiovascular diseases, 22 % diabetes 
and 20 % respiratory diseases (143). This fact has received little attention in treatment and 
rehabilitation of THA patients.  
 
According to the Norwegian Arthroplasty Register, mean age for patients undergoing primary 
THA in Norway was 69.4 years in 2008 (69). In addition to the frequently observed negative 
consequences from THA on muscle strength (153, 160), ageing furthermore compromises the 
issue. D`Antona et al. (39) found disuse to have impact on fibre force production in addition 
to ageing. Ageing is associated with sarcopenia, which is defined as an age-related loss of 
skeletal muscle mass, strength and function. The condition is both a process and an outcome 
and is initiated as early as in the forties (190). The decrease in muscle strength is however 
most pronounced after the 6th decade (105, 189) as a decrease of 1.5 % per year is expected 
(189). The decline in muscle strength correlates with the loss of muscle mass and the decline 
in the lower extremities is more pronounced compared to upper extremity muscle strength, 
indicating decreased activity. The proportion of type II fibres is reduced as a result of disuse 
and ageing (93, 131). Moreover, type II fibre size declines by 20-50 % while the 
corresponding percentage decline for  type I fibres is 1-25 % (43). Sarcopenia can be 
minimized and reversed by both endurance and strength training (93), but no other 
intervention (e.g. hormone replacement, diet) has demonstrated to be as effective as strength 
training (43).  
 
1.8 Rehabilitation of THA patients
As early as in 1945, DeLorme (41) recommended heavy resistance training in the 
rehabilitation after injury. The recommendation was based on the findings of larger strength 
gains after few repetitions with high loads and increased endurance following a large number 
of repetitions with low resistance. Still, most rehabilitation programmes consist of hip joint 
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mobilization, strengthening of surrounding muscles with low-resistance weight, and gait 
training (81, 128, 147, 177). A study by Anderson et al. (9) demonstrated low levels of 
neuromuscular activation during conventional physical therapy exercises. Suetta et al. (164) 
found no improvement in muscle strength after conventional rehabilitation following THA. 
Minns Lowe et al. (125) reviewed several studies to evaluate the effectiveness of physical 
therapy exercises after THA and reported insufficient evidence for physical therapy exercises 
to be effective tools in the rehabilitation of the THA patients. Some studies have reported 
improvements after conventional rehabilitation programs, but have not compared the THA 
patients with healthy subjects (176, 179). It is, however, documented that training intensity 
must exceed 60 % of 1RM to improve muscle strength and that 80-90 % of 1RM seem to be 
the optimal load (15). Campos et al. (35) report higher strength gains for a group using few 
repetitions with high loads compared to an intermediate repetition group and a high repetition 
group. McDonagh and Davies (118) reviewed several resistance training studies and reported 
that loads less than 66% of 1RM produced little increase in muscle strength even if up to 150 
contractions a day were performed. Using loads higher than 66% of 1RM, 10 contractions a 
day gave increases in muscle strength. The effectiveness of increasing muscle strength by 
means of few repetitions with heavy loads is confirmed by Berger (24), Dons et al. (44) and 
Hoff et al. (73, 75, 76). In the light of this information, it can be suggested that the traditional 
physical therapy exercises are not adequate in order to stimulate improvements in muscle 
strength in the THA patients. 
 
Strong hip abductor muscles are important for a normal gait without limping (33, 84) and to 
secure the longevity of the implant (52). Weakened hip abductor muscles are a common 
finding after THA and postoperative rehabilitation (16, 46, 104, 107, 140, 153, 160, 175, 
180). Patients with weak hip abductor muscles load the healthy side twice as much as normal, 
which increases energy expenditure during walking (33). Regaining normal walking patterns 
is one of the goals in rehabilitation of patients undergoing THA and naturally, gait patterns 
are frequently measured after THA (52, 103, 117, 123, 140, 160). Gait speed has been found 
to be recovered 12 months after surgery (123) while most studies have discovered slower 
walking speed and asymmetric loading of the legs to be present 6 months-3 years 
postoperatively (52, 103, 117, 140, 160, 168). The asymmetric loading of the legs may lead to 
development of OA in the healthy leg (167). Increased muscle strength in the THA patients 
reduces the risk for falls and fracture and has impact on functional aspects of their lives (93). 
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Strength training has the ability to increase the amount of fat-free body mass which is known 
to be the major determinant of resting metabolic rate. Thereby weight loss can be facilitated 
(83), which is beneficial for THA patients as a high BMI is one of the major contributing 
factors to OA of the hip (50). 
 
1.9 Physical activity in THA patients: Pros and cons 
It is an ongoing debate what might be too much activity after THA and which activities that 
are recommended to reduce polyethylene wear. Polyethylene wear is defined as the removal 
of materials, with the generation of wear particles, that occur due to relative motion between 2 
opposing surfaces under load (156). Polyethylene has been the preferred material used in the 
acetabular cups (67) and physical activity after THA has been considered as a contributor to 
increase wear and subsequent loosening of the hip implant. Younger patients (50-60 years) 
and males have been associated with higher polyethylene wear (157). Load and the number of 
cycles rather than time since surgery are factors affecting rate of wear (158). Cross-linked 
polyethylene has shown to reduce wear approximately 80 % compared with conventional 
polyethylene in a short term (26 months) in-vivo study (67).  
 
An adequate balance between the physical activity needed to maintain or improve aerobic 
endurance performance and the amount of activity which possibly could compromise 
longevity of the hip prosthesis should be obtained (66, 80). Recommendations for sport 
activities vary among orthopaedic surgeons. Nevertheless, there are some consensuses. High-
impact activities such as football, handball, basketball soccer or hockey are not recommended 
whereas walking, swimming and cycling are activities which are considered safe. However, it 
is an established fact that THA in a sedentary patient will show less wear compared to an 
active patient. The advantages of physical activity are numerous as described earlier, and can 
even be beneficial to the artificial implant. Falling and injuries may be reduced due to 
improved muscle strength and coordination together with increased bone density and 
prosthesis ingrowth (98). A trend towards fewer restrictions in physical activity from 
orthopaedic surgeons is reported between 1999 and 2005 (66). 
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1.10  Health related quality of life and hip score systems 
In the vast majority of the patients, OA of the hip influences quality of life. THA patients 
experience pain, stiffness and functional deficits at various degrees (82). According to the 
World Health Organization (WHO), physical, material, social and emotional wellbeing and 
individual development and daily activity should be included in quality of life measurements 
(5). Outcome measures of orthopaedic surgery and rehabilitation programmes have been 
measured by a variety of hip score systems which include physical aspects of health and the 
ability to perform activities of daily living. The Harris Hip Score (64) and the Merle 
D’Aubigné and Postel scoring system (40) are frequently used scoring systems. Patient-
completed assessment is now looked upon as important to evaluate the outcome of THA. 
Health related quality of life (HRQoL) can be measured by disease-specific and/or generic 
health status questionnaires (48). THA is reported to improve HRQoL significantly (10, 82, 
121, 161, 170).  
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2 Objective, aims and hypotheses of the studies 
The main focus of the present thesis was to assess the physical outcome of the conventional 
rehabilitation program used for THA patients, to compare unilaterally and bilaterally operated 
THA patients with respect to normalisation of gait patterns, muscle strength, work efficiency 
and aerobic endurance performance and to investigate the influence of FO on hip abductor 
muscle strength in THA patients. Furthermore, we wanted to explore the feasibility and 
effects of maximal strength training in THA patients in the early postoperative phase and the 
effects the intervention implied after 6 and 12 months. 
  
Paper I: Reduced strength, work efficiency and maximal oxygen consumption 3-5 years 
after total hip arthroplasty. 
 
The aims of study I were 1) to determine to what extent patients operated with unilateral 
THA, completing 4 week institutional rehabilitation 3-5 years ago, regain muscle strength, 
work efficiency and walking skills compared to the healthy leg and compared to healthy age-
matched controls, 2) to determine whether the patients show differences in work efficiency 
and VO2max compared to healthy age-matched controls.  
 
We hypothesised that the THA patients had lower muscle strength in the operated leg 
compared to the healthy leg and reduced muscle strength, work efficiency and VO2max 
compared with a healthy age-matched control group. 
 
Paper II: Unilateral vs. bilateral total hip arthroplasty – the influence of medial femoral 
head offset and effects on strength and aerobic endurance performance. 
 
The aim of study II was to investigate whether bilaterally operated THA patients demonstrate 
lower muscle strength, aerobic endurance performance and different gait pattern compared to 
unilaterally operated THA patients, and to examine whether decreased FO influences hip 
abductor muscle strength. 
 
We hypothesised that; 1) the bilaterally operated patients showed lower aerobic endurance 
performance, muscle strength and different gait pattern compared to the unilaterally operated 
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patients, 2) the bilaterally operated patients with normal FO demonstrated superior hip 
abduction strength compared to the bilaterally operated patients with abnormal FO.  
 
Paper III: Early maximal strength training is an efficient treatment for patients 
operated with total hip arthroplasty.  
 
The aims of study III were to demonstrate the effects of maximal strength training compared 
to conventional rehabilitation and to confirm the safety of initiating maximal strength training 
1 week after THA. 
 
We hypothesised that the group who performed maximal strength training in addition to 
conventional rehabilitation would improve muscle strength, work efficiency and normalize 
gait patterns significantly compared to the group who performed conventional rehabilitation 
only. Furthermore, we hypothesised that it was feasible and safe to accomplish maximal 
strength training in the early postoperative phase in patients undergoing THA.  
Paper IV: Early postoperative maximal strength training improves work efficiency 6-12 
months after osteoarthritis induced total hip arthroplasty in patients under 60 years old. 
 
The aim of study IV was to investigate how the maximal strength training intervention in the 
early postoperative phase after undergoing THA would influence strength and work efficiency 
6 and 12 months postoperatively.  
 
We hypothesized that the short term improvements previously documented in the early 
postoperative phase after undergoing THA would influence work efficiency 6 and 12 months 
postoperatively. 
3 Methods
3.1 Subjects
54 THA patients and 10 healthy age-matched subjects were included in the thesis (Table 1). 
Inclusion and exclusion criteria are described in detail in the papers. 
 
In paper I, 10 unilaterally operated THA patients and 10 healthy age-matched control subjects 
completed the study. In paper II, 20 bilaterally operated THA patients were divided into 2 
groups. One group had normal FO whereas the other group had abnormal low FO. Abnormal 
FO was defined as <5 mm compared to healthy side or preoperative values. The groups were 
compared with 10 unilaterally operated THA patients. In paper III, 12 unilaterally operated 
THA patients performing a maximal strength training program in addition to the conventional 
rehabilitation programme were compared with 12 unilaterally operated THA patients 
attending a conventional rehabilitation programme only. Paper IV is a follow-up study of the 
patients in paper III. 
 
Table 1, Overview of the subjects included in the thesis 
Control subjects 
Paper I  10 patients unilaterally operated with THA 10 healthy subjects 
Paper II 20 patients bilaterally operated with THA 10 patients unilaterally operated with THAi 
Paper II I 12 patients unilaterally operated with THA 12 patients unilaterally operated with THA 
Paper IV 12 patients unilaterally operated with THAii 12 patients unilaterally operated with THAii 
 
3.2 Test procedures and materials 
The subjects conducted the testing procedures in the same order at all tests (I-IV). The 
subjects performed 10 minutes warm-up as stationary cycling (III and IV) or treadmill 
walking (I-II) with exercise intensity allowing conversation without breathlessness. The tests 
were supervised by 2 experienced exercise physiologists. 
 
 
23
                                                 
i The unilaterally operated patients in paper I are used as control group in paper II 
ii The same patients are subjects in paper III and IV as paper IV is a follow-up study 
3.2.1 1RM leg press 
In paper I-IV, bilateral and single leg 1RM leg press was determined in a seated position in a 
leg press ergometer (Technogym, Italy) with a knee joint angle of 90° between femur and 
tibia and a 90° joint angle in the hip joint to avoid luxation (Figure 1). The initial weight load 
was based on a subjective estimation of the patient’s capacity to prevent the fitter patients 
from starting at too low an intensity. The subjects used 4-5 attempts to determine 1RM. 
Weight load was increased by 5-10 kg at each ramp, and the test was terminated when the 
subjects no longer managed to perform the leg press movement.  
 
 
Figure 1, Leg press during training 
3.2.2 Rate of force development and peak force 
Force development, determined as RFD and peak force (PF), was calculated /measured in 
paper I-IV. Data was collected at 2000 Hertz (Hz) using a force platform with software 
specifically developed for the platform (Bioware, Kistler, Switzerland). The force platform 
consists of an aluminium top plate placed on top of 3-component force sensors that allows 
measurements of force and torque in three axes i.e. vertical, left- and right horizontal. The 
subjects performed the test of RFD and PF in a seated position in a leg press ergometer 
(Technogym, Italy) with a knee joint angle of 90º. The weight load was 40 kg during bilateral 
testing for all subjects. In paper III and IV, RFD and PF were tested in each leg separately and 
the weight load used was 10 kg for all subjects. The Kistler force platform was mounted in 
front of the legs and placed in a vertical position on the leg press ergometer. PF is the highest 
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force attained during one repetition of maximal contraction (73). RFD was determined as 10-
90 % of PF during the concentric action. 
3.2.3 1RM hip abduction 
In paper I-IV, 1RM hip abduction was measured using a custom-made apparatus (Figure 2). 
The subjects were tested in a supine position. To enable maximum stabilization, the pelvis 
was stabilized by an adjustable clamp arch against the iliac crest. The subjects performed 
1RM hip abduction of the right and left leg, respectively. One leg was resting in a sling while 
the other leg was tested. The testing leg was placed in a 15 cm wide sling and horizontally 
mounted to the pulling apparatus with a rope. The lower edge of the sling was placed at caput 
fibulae. Weight load was increased by 5 kg at each ramp and the test was terminated when the 
subjects no longer managed to perform the hip abduction movement. The subjects were 
instructed to perform the movement with the arms placed on the chest and to keep the 
performing leg extended with the foot pointing forward using a horizontal movement.  
 
 
Figure 2, Hip abduction during testing 
3.2.4 Maximal oxygen consumption  
In paper I-IV, VO2max was measured while the patients performed treadmill walking 
(Technogym, Runrace 1200 HC, Italy). VO2max was determined by increasing speed and 
inclination each minute until exhaustion. Continuous respiratory measurements were 
performed and the mean of the 3 highest 10 seconds continuous respiratory measurements 
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determined VO2max. All ventilatory parameters and pulmonary gas exchange were measured 
using Cortex Metamax I portable metabolic test system (Cortex Biophysik GmbH, Germany). 
For measurements of heart rate (HR), short-range radio telemetry with Polar accurex watches 
(Polar Electro Oy, Finland) was used. The highest HR recorded during the last minute of the 
test was used as maximal HR (HRmax).  
 
VO2 in the maximal incremental tests is presented as VO2max throughout the thesis. There 
were differences between subjects and differences between tests whether the subjects 
managed to reach their true VO2max, but the variable VO2max has been chosen. 
3.2.5 Allometric scaling 
Traditionally, VO2 is divided by body mass. When expressing VO2 as ml · kg-1 · min-1, a 
linearity between body mass and VO2 is assumed (196). Thus, the VO2 of light subjects will 
be overestimated and that of heavy subjects will be underestimated (68). When comparing 
different subjects in running and walking performance, VO2 expressed as ml · kg-0.75 · min-1 is 
suggested to be the most correct method of comparisons between subjects of various body 
mass (25). When comparing muscle strength in different subjects, the weight lifted should be 
expressed as kg · mb-0.67 (196). Allometric scaling was used to normalize VO2 and weight lifted 
to body size and mass in order to compare different subject groups, sexes and to compare each 
subject at different time periods. Both sexes were represented in papers I-IV.  
3.2.6 Work efficiency and work economy 
In paper I-IV, work efficiency was calculated between 3.30-4.30 min during the 5 min 
standardized workload test. The subjects walked on a treadmill for 5 minutes (Technogym, 
Runrace 1200 HC, Italy) at a standardized workload corresponding to 40 Watts (W). In paper 
I and II, work economy was calculated between 3.30-4.30 min during the standardized 
workload and expressed as mL · kg-0.75 · m-1. All ventilatory parameters and pulmonary gas 
exchange was measured using Cortex Metamax I portable metabolic test system (Cortex 
Biophysik GmbH, Germany). For measurement of HR, short-range radio telemetry with Polar 
accurex watches (Polar Electro Oy, Finland) was used.  
 
The following equation was used to define the walking speed corresponding to 40 W on the 
treadmill: 
(1) 
    6.3sin  gm
workloadV
b
 
 
V= velocity [km · h-1] 
Work load = 40 W [Nm · s-1] 
g = gravitational constant [9.8 m · s-2] 
mb = body mass [kg] 
 = treadmill inclination [deg] 
3.6 = converting velocity expressed in [m · s-1] to [km · h-1] 
 
(2) Net efficiency was calculated by the following equation: 
 
 
  100minKcal REEexercise during eexpenditurEnergy 
minKcal 0.01433exercise of (W) Load
1
1

	

	
	
 
 
REE; resting energy expenditure        
Resting energy expenditure was calculated from standardised values of 3.5 ml · kg-1 · min-1. 
Both VO2 and W were converted to kilocalories (Kcal) to allow the calculation of percent 
work efficiency (114).  
3.2.7 Gait patterns
In paper I-IV gait patterns was recorded with subjects walking at a standardized velocity of 4 
km·h-1 on a horizontal treadmill (Technogym, Runrace 1200 HC, Italy). A Pedar-X dynamic 
pressure distribution measure system for capacitive sensors was used (Novel Pedar-X System, 
Germany). Step length, peak force heel/toe, stance time and impulse were calculated. Flexible 
insoles with sensors were placed in both shoes. Pressure ranges were logged during walking 
and analyzed at a later stage. Before recording, the subjects walked with the measuring 
equipment for 2 minutes to ensure a steady state of walking, without being informed about the 
recording period. The recording measurement duration was 30 seconds and the recorded steps 
from 11-20 in each subject were used in the analysis of gait parameters. The Pedar 
measurement system has been proven to be a valid and reliable measure of contact area and 
peak pressure (77, 90). 
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3.2.8 Borg scale 
In paper I-IV, the subjects gave a subjective evaluation of perceived exertion by end-exercise 
leg effort and breathlessness using the Borg ratio scale after completing the VO2max test. The 
scale ranges from 6-20, where 20 represents the highest degree of exertion (32). 
3.2.9 Health related quality of life  
In paper III and IV, the generic 36-item Short-Form Health Survey (SF-36) was used to 
determine HRQoL after each test. The survey contains an evaluation of both physical 
component score (PCS) and mental component score (MCS). The scale ranges from 0-100 
where 100 indicates optimal health (182). The SF-36 is a widely used and validated survey 
and has been translated and validated for Norwegian conditions (102).  
3.2.10 Surgical procedures 
Only the direct lateral approach, described by Hardinge and modified by Frndak (53, 63), was 
used in all patients in paper I-IV. In paper I-II, surgery was performed by several orthopaedic 
surgeons. Under reconstruction of the hip abductor muscles in the patients in paper I and II, 
the common muscle plate was refixed to the greater trochanter with a double resorbable 
osteosutures (Vicryl, No 2, Johnson & Johnson, NJ, USA). Furthermore, this fixation was 
reinforced with a continuously sewed resorbable suture, leaving no gap between the muscle 
plate and the anterior part of the greater trochanter (Vicryl, No 2, Johnson & Johnson, NJ, 
USA). In paper III (and IV), all surgery was performed by 1 orthopaedic surgeon. 
Reconstruction of the hip abductor muscles of the patients was modified from previous 
procedures. Under reconstruction of the hip abductor muscles, the common muscle plate was 
reinserted to the greater trochanter with 2 non resorbable osteosutures (PremiCron, B.Braun 
Medical Ltd, Germany). Furthermore, this fixation was reinforced with a continuously sewed 
slowly resorbable looped monofilament suture (MonoPlus, B. Braun Medical Ltd, Germany). 
Skin was closed with unresorbable suture (I-IV) (Dafilon, B.Braun Medical Ltd, Germany). 
3.2.11 Clinical function score of the hip 
In paper I-IV, the Merle D’Aubigné and Postel scoring system was used for clinical 
evaluation of hip function. The scoring system evaluates pain, joint mobility and gait function 
with a range from 3-18. The sum of the 3 separate scores represent the total score where 18 
indicates optimal function of the hip (40).  
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3.2.12 Radiological assessments 
Anteroposterior pelvic radiographs were taken prior to inclusion in the studies, using a 28 mm 
magnification marker, located at the level of the symphysis. All radiographs were digitized 
and a computer analysing program (SectraPACS) was used for all measurements including 
calibration of the radiographs. The parameters were measured by 2 observers. 
3.2.13 Calculation and measurement of biomechanical values 
In paper I-IV, FO was measured as the perpendicular distance between the longitudinal axis 
of the femur and the centre of the femoral head (38). In paper II, the following values were 
calculated: FO ratio was calculated by measuring the distance between the centres of the 
femoral heads divided by FO (188). The greater trochanter tangent was a line drawn 70º to the 
centre to centre line, and tangential to the most lateral part of the greater trochanter. The 
acetabular lever arm was defined as the perpendicular distance from the femoral head centre 
to the greater trochanter tangent. Hip lever arm ratio was calculated as the abductor lever arm 
divided by the body weight lever arm (134) (Figure 3). Hip abductor power was calculated as 
recorded dynamic hip abductor strength (kg · mb-1) multiplied by leg length from the spina 
iliaca anterior superior to the tuberositas tibia (measured in vivo) divided by length of the hip 
abductor lever arm (133). 
bd
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Figure 3, Calculation and measurement of biomechanical parameters 
a = distance between centres of femoral heads 
b = length of femoral offset 
c = length of body weight lever arm 
d = length of abductor lever arm 
f  = longitudinal axis of the femur 
l  = length of leg  
t  = greater trochanter tangent 
 
3.2.14 Cadaveric test of muscle reattachment strength 
The strength of the reattachment of the hip abductor muscles was tested in 1 intact cadaver 
pelvis. 2 threaded 4 mm pins were inserted 20 mm into the iliac crest. The standard lateral 
approach to the hip joint was performed. The anterior part of the capsule was resected. The 
common muscle plate of the anterior part of the musculus gluteus medius and musculus 
vastus lateralis was sutured back to the anterior part of the greater trochanter by first using a 
double osteosuture. Furthermore, a slowly resorbable loop suture duplicated the muscle plate 
to the greater trochanter. A continuous close of the fascia latae was performed. In order to test 
the pull-out strength of the sutures, the muscle attachment of the hip abductor muscles were 
released by separating the iliac wing from the pelvis by using a Giggly saw. A connection 
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between the 2 threaded pins was established and a load cell was linked to the connection. A 
longitudinal force angulated 30º in the frontal plane was applied. A load of 25 kg was applied. 
After the test, the reattachment of the muscles and sutures was inspected and found to be 
intact. The test was approved by the regional ethics committee and consent from relatives was 
obtained. 
3.2.15 Statistical analysis 
The software program Statistical Package of the Social Sciences version 16-17 (SPSS Inc. 
Chicago, IL) was used for all statistical analysis. Results are presented as mean ± SD 
throughout the study, except from in figures where results are presented as mean ± SEM. Q-Q 
plots were used to determine normal distribution of the parameters. In paper I, one-way 
analysis of variance (ANOVA) was used to determine differences in parameters between the 
groups whereas paired-sample t tests were used to determine strength differences between the 
legs within each group. In paper II, one-way ANOVA and Tukey`s honestly significant 
difference (HSD) post-hoc tests were performed to determine differences in parameters 
between the groups. The relationship between variables was determined by simple correlation 
analysis (Pearson’s r). In paper III preoperative data was compared by two-sample t tests. 
Submaximal oxygen consumption and work efficiency were measured by two-sample t tests 
at all tests due to missing variables at the test 1 week postoperatively. Postoperative FO of the 
groups was compared by two-sample t tests. Variables obtained 1 week postoperatively and 5 
weeks postoperatively were analysed by two-way ANOVA for repeated measurements with 
time as within-factor and STG vs. CRG as grouping factor. When a significant interaction 
between main effects was found, a two-sided multiple contrast test within each group and 
between groups at each point in time were performed with the appropriate adjustments of the 
degrees of freedom (187). In paper IV, two-sample t tests and Mann Whitney-U tests were 
used to determine differences in parameters between groups whereas paired-sample t tests and 
Wilcoxon signed rank tests were used to determine within group differences. Additionally, 
two-sample t tests were used to compare data from paper I and III, and paired-samples t tests 
were used to compare differences between the legs in the patients in paper III and IV. A p 
value  0.05 was considered significant for all measurements.  
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3.3 Training procedures and materials 
In paper III, all patients were enrolled in a 4 week inpatient rehabilitation facility. The STG 
performed leg press and hip abduction in addition to the conventional rehabilitation. The CRG 
performed the conventional rehabilitation only. In paper IV, all patients performed self-
adjusted rehabilitation and were referred to physical therapy twice a week until 6 months 
postoperatively. 
3.3.1 Maximal strength training 
One week postoperatively, maximal strength training was initiated with 5 training bouts a 
week for 4 weeks. Each training session started with a 10 minute warm up period of stationary 
cycling at an intensity corresponding to 50 % of VO2max followed by the maximal dynamic 
strength training regime of leg press and hip abduction. Maximal strength training was 
performed in 4 series of 5 repetitions maximum involving the operated leg only. The series 
were separated by resting periods of 2 minutes.  
 
Leg press was performed in a leg press ergometer in a seated position with a knee joint angle 
of 90º and a flexion angle of maximum 90º in the hip joint (to avoid hip luxation) with range 
of motion of 90-45º in the hip joint and 90-0º in the knee joint. The training load was 5RM, 
corresponding to approximately 85 % of 1RM (6). When the patients managed to perform 
6RM, the load was increased by 5 kg. 
 
Hip abduction was performed using a standard pulling apparatus. The patients were standing 
in an upright position stabilized by parallel bars with a 15 cm wide sling placed at the medial 
malleolus of the trained leg (Figure 4). The patients were instructed to stand in an upright 
position and to keep the foot pointing forward during the hip abduction exercise. Range of 
motion was 0-25º in the hip joint. When the patients managed to perform 6RM, the load was 
increased by 1 kg. The training sessions were supervised by 2 exercise physiologists with 
experience from a hospital orthopaedic hip joint unit.  
 
Figure 4, Hip abduction during training 
3.3.2 Conventional rehabilitation 
The conventional rehabilitation for all patients attending inpatient treatment in a rehabilitation 
centre consisted of individual sling exercise therapy in hip abduction/adduction, hip 
flexion/extension, exercises with low resistance (>12-15 repetitions (94)) or no resistance and 
exercises performed in water when sutures had been removed. Each session lasted 1 hour and 
was performed 5 days a week for 4 weeks. The patients attended educational classes twice a 
week. The 2 patients in the CRG who choose to return home after being discharged from the 
hospital received outpatient treatment supervised by a physician 3 times a week with 
instructions to carry out prescribed exercises at home 2 times a week. 
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4 Summary of results 
 
Paper I: Reduced strength, work efficiency and maximal oxygen consumption 3-5 years 
after total hip arthroplasty 
 
1. 1RM leg press was reduced in the operated leg of the unilaterally operated THA 
patients (UNO-group) by 40 % compared with the right leg of the healthy controls 
(C-group) (122±31 vs. 87±25 kg).  
2. 1RM leg press difference between the legs was significantly higher in the UNO-
group than in the C-group by 425 %.  
3. 1RM hip abduction strength difference between the legs was significantly higher in 
the UNO-group compared with the C-group by 105 %. 
4. Gait patterns revealed a significant higher peak pressure in the healthy forefoot of 
the UNO-group compared with the C-groups left forefoot by 41 %. 
5. Work efficiency and work economy were significantly lower in the UNO-group 
compared with the C-group by 42 % and 17 %, respectively. 
6. VO2max was significantly lower in the UNO-group by 26 % compared with the C-
group (38.8±9.0 vs. 30.7±7.4 ml · kg · min-1). 
 
Paper II: Unilateral vs. bilateral total hip arthroplasty – the influence of medial femoral 
head offset and effects on strength and aerobic endurance performance 
 
1. Bilateral leg press in kg · mb-1 was significantly higher in the unilaterally operated 
THA patients (UNO) compared with the bilaterally operated THA patients with 
abnormal low FO (BDO) and the bilaterally operated THA patients with normal 
FO (BNO) by 38 % and 31 %, respectively.  
2. Leg press healthy leg in kg · mb-1 in the UNO was significantly higher compared 
with the left leg of the BNO by 46 %. Leg press healthy leg in kg · mb-1 in the UNO 
was significantly higher compared with the normal FO leg of the BDO by 33 %. 
3. Hip abduction strength of the healthy leg of the UNO was significantly higher 
compared with the normal FO leg of the BDO by 79 %. The corresponding result 
  
35
for the left leg of the BNO compared with the healthy leg of the UNO in kg · mb-1 
was 58.2 %. 
4. A positive correlation was found between FO and hip abduction strength  
(kg · mb-1) and between FO and calculated hip abduction strength in the abnormal 
low FO side of the BDO (r= 0.866 and 0.893, respectively). 
5. No differences between the unilaterally and bilaterally operated groups were 
revealed in VO2max, work efficiency or gait patterns. 
6. No differences in hip abduction strength were found between the BNO and BDO. 
 
Paper III: Early maximal strength training is an efficient treatment for patients 
operated with total hip arthroplasty 
 
1. 1RM bilateral leg press improved in both the strength training group (STG) and the 
conventional rehabilitation group (CRG), with a more pronounced improvement in 
the STG by 41 % (193±54 vs. 137±42 kg). 
2. 1RM leg press in the operated leg increased in both groups, but more clearly in the 
STG being 65 % higher compared with the CRG (76±20 vs. 46±16 kg). 
3. RFD in the operated leg improved in both groups with an improvement being 65 % 
higher in the STG compared with the CRG. 
4. Hip abduction strength in the operated leg increased in both groups, but more 
pronounced in the STG by 87 % vs. the CRG (43±15 vs. 23±9 kg). In the healthy 
leg, only the STG increased hip abduction strength from 1-5 weeks. At the 5 weeks 
test hip abduction strength in the healthy leg of the STG was 49 % higher 
compared with the CRG. 
5. No significant difference in gait patterns, VO2max or work efficiency was found 
between the groups. 
6. The mental component score (MCS) from the SF-36 survey was 22 % higher in the 
STG compared to the CRG 1 week after the operation. In the CRG the score 
increased by 17 % reaching levels not significantly different from STG 5 weeks 
after the operation.  
7. Physical component score (PCS) increased in both groups 1-5 weeks 
postoperatively, averaging 22 % with no difference between groups.  
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Paper IV: Early postoperative maximal strength training improves work efficiency 6-12 
months after osteoarthritis induced total hip arthroplasty in patients under 60 years old 
 
1. Work efficiency was 29 % higher in the strength training group (STG) compared 
with the conventional rehabilitation group (CRG) in the test after 6 months 
(18.5±4.5 vs. 14.3±4.2 %). 
2. No significant difference in muscle strength was found between the groups 6 
months postoperatively. 
3. Rate of force development (RFD) in the operated leg was significantly higher by
              74 % in the STG compared with the CRG 12 months postoperatively.  
4.         Leg press in the healthy leg (kg  mb-0.67) was significantly higher by 36 % in the 
STG compared with the CRG 12 months postoperatively. 
5.         After 12 months, work efficiency was 30 % higher in the STG compared with the       
            CRG (16.9±3.2 vs. 13.0±3.9 %). 
6.         No differences in gait patterns or VO2max were found between the groups. 
7. No significant differences between the groups in health related quality of life was    
found 6 and 12 months after surgery. 
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Figure 5, Leg press operated leg 
Data are presented as mean ± SEM. Leg press in kg from preoperatively to 12 months postoperatively in the 
STG and CRG (Paper III and IV). ** Significant differences between the groups p<0.01. 
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Figure 6, Hip abduction operated leg 
Data are presented as mean ± SEM. Hip abduction in kg from preoperatively to 12 months postoperatively in the 
STG and CRG (Paper III and IV). ** Significant differences between the groups p<0.01. 
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5 Discussion
 
The present thesis demonstrates that THA patients are not fully recovered 3-5 years after 
THA. Furthermore, the conventional rehabilitation offered the THA patients does not seem to 
restore muscle strength and VO2max compared with normative data (I). The outcome of 
bilaterally operated THA patients, either with normal or abnormal FO, did not differ with 
respect to muscle strength, gait patterns, work efficiency or VO2max. No differences were 
revealed between unilaterally and bilaterally operated THA patients in work efficiency, gait 
patterns or VO2max (II). Maximal strength training improved muscle strength and power in the 
lower extremities of THA patients more than conventional rehabilitation (III) and maximal 
strength training initiated in the early postoperative phase improved work efficiency 6-12 
months postoperatively (IV). 
 
5.1 Muscle strength in THA patients 
In the present thesis, muscle strength was obtained by leg press and hip abduction (I-IV). In 
paper I, leg press muscle strength in the operated leg of the unilaterally operated THA patients 
(UNO-group) was 68 % of the leg press muscle strength in the healthy leg. The corresponding 
result in hip abduction was 61 %. In leg press, muscle strength in the operated leg in the 
UNO-group was reduced by 40 % compared to healthy subjects. The strength deficits 
between the legs found in paper I are in line with the findings of others (159, 160, 174). The 
large difference in muscle strength both in leg press and in hip abduction in paper I may to 
some extent be due to a highly reduced preoperative strength of the affected extremity or/and 
an inefficient rehabilitation programme. Preoperative muscle strength in the lower extremities 
is reported to be reduced in THA patients (159, 175) which is consistent with the findings in 
paper III where a significant difference between the affected and healthy leg was found 
preoperatively in the strength training group (STG) by 24 % (p=0.001) and in the 
conventional rehabilitation group (CRG) by 39 % (p=0.004).  
 
In paper II, no differences in muscle strength after THA between the bilaterally operated 
group with normal FO (BNO) and the bilaterally operated group with abnormal FO (BDO) 
were found. The importance of a correct FO in the THA surgery has been emphasized (13, 14, 
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33, 119, 188) since a correct FO primes the ability of the patient to regain muscle strength of 
the hip abductor muscles postoperatively. Despite optimal biomechanical reconstruction of 
the hip joints in the BNO, muscle strength in these patients were inadequate compared to the 
healthy leg of the unilaterally operated group with normal FO (UNO). The traditional 
postoperative rehabilitation which was conducted in the studied patients in paper I and II has 
probably not been sufficient to optimally restore muscle strength. Conventional physiotherapy 
exercises are reported to have small effects on muscle strength in THA patients (9, 125, 164). 
Another aspect related to muscle strength in the THA patients, is to what extent it is feasible 
to fully restore muscle strength in the affected limb when comparing to healthy controls, 
particularly when the direct lateral approach is used (I-IV). The direct lateral approach is 
considered to be the approach that compromises hip abductor muscles the most (86). Yet, 
conclusions can not be drawn about the feasibility of restoring muscle strength in the lower 
extremities since an efficient rehabilitation program for the THA patients has not been 
established.  
 
In paper III, maximal strength training with few repetitions and explosive movements (or with 
the intention to perform explosive movements) in the concentric phase of the movement 
improved muscle strength considerably in the STG. Maximal strength training was well 
tolerated by the patients in the STG and no adverse events (luxation of the hip joint or rupture 
of the reattachment of the musculus gluteus medius) occurred during training or testing. An 
important advantage of maximal strength training is a rapid improvement in muscle strength 
without a concomitant increase in body mass (85) which is of advantage since transportation 
of an increased body mass is an unfavourable side effect. After 4 weeks of maximal strength 
training (20 training sessions), hip abduction and leg press in the operated leg were 87 % and 
65 % higher, respectively in the STG compared with the CRG. After the training intervention, 
the STG improved hip abduction muscle strength in the healthy leg when training the 
operated leg only, which is suggested to be a result of neural adaptations (6, 36, 173). In 
contrast, improvements in the healthy leg of the CRG were not found. Heavy strength training 
(70-90 % of 1RM) in leg press has been initiated 6-8 weeks postoperatively (65) and 1 week 
postoperatively with loads of 50 % of 1RM the first week increasing to 80 % of 1RM 6 weeks 
postoperatively (164). The improvements in the above-mentioned studies were less (122 % 
and 28 %, respectively) compared with the results in paper III (230 % increase in leg press in 
the operated leg), and training the hip abductors or measuring hip abduction muscle strength 
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were not conducted. In paper III, maximal strength training was added to the conventional 
rehabilitation programme in the STG. The STG and the CRG received different amounts of 
training since the STG received both maximal strength training and conventional 
rehabilitation. Thus, the amount of training conducted in the 2 groups was not matched 
according to frequency and total work.  
 
Significant differences between the legs in leg press and hip abduction were present in the 
STG and the CRG 5 weeks postoperatively. In the STG, hip abduction muscle strength of the 
operated leg was 78 % (p=0.012) of the hip abduction muscle strength in the healthy leg. The 
corresponding result in leg press was 74 % (p<0.001). In the CRG, hip abduction muscle 
strength of the operated leg was 62 % (p=0.001) of the hip abduction muscle strength in the 
healthy leg. The corresponding result in leg press was 52 % (p<0.001). In the STG, 
differences in leg press 6 months postoperatively (81 % of healthy leg muscle strength, 
p=0.004) and in leg press and hip abduction 12 months postoperatively (83 % of healthy leg 
muscle strength, p=0.024 and 83 % of healthy leg muscle strength, p=0.003, respectively) 
were present. 6 and 12 months postoperatively, no muscle strength differences between the 
legs were found in the CRG. Differences between the groups were not statistically significant. 
Muscle strength differences between the legs were significantly less in the STG in paper III 
and IV compared with  the UNO-group in paper I when comparing 5 weeks, 6 and 12 months 
results of the STG (p<0.001). An explanation may be that at an incomplete rehabilitation of 
the affected leg in the UNO-group may have resulted in a greater reliance on the healthy leg. 
Thus muscle strength in the healthy leg may have improved at the cost of restoring muscle 
strength in the operated leg. Nevertheless, in light of the significantly less difference between 
the legs in the STG compared with the UNO-group, one may speculate that the rehabilitation 
of the STG have resulted in improved reliance on the operated leg.  
 
To our knowledge, no studies have initiated maximal strength training in leg press and hip 
abduction 1 week postoperatively in THA patients. Weak hip abductor muscles have impact 
on the THA patients functional level, as these impairments may affect their capacity of e.g. 
walking stairs or descending slopes (130). Thus, it is of importance to incorporate training 
that strengthens the hip abductor muscles after THA. When comparing the unilaterally 
operated THA patients in paper I with the STG in paper III, only hip abduction in the healthy 
leg reached significant differences between the groups (p=0.001). It is an interesting finding 
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that the results of 4 weeks of maximal strength training equals those of THA patients operated 
3-5 years ago which highlight the effectiveness of maximal strength training. Questions can 
be raised whether maximal strength training is advisable 1 week after THA. The strength of 
the reattachment of the musculus gluteus medius to the greater trochanter when the lateral 
approach is used may be challenged when initiating maximal strength training as early as 1 
week postoperatively. In order to mimic the load on the reattachment of the musculus gluteus 
medius in the immediate postoperative phase, a muscle strength test in a cadaveric pelvis was 
performed. The load applied was 25 kg and the test was repeated twice. Visual inspection 
after the test revealed an intact reattachment of the muscles and the sutures. As reported in 
paper III, 1RM in hip abduction was 9 and 11 kg, respectively in the CRG and the STG at the 
test 1 week postoperatively which is a load far less than the load used in the cadaveric test. 
Biomechanical calculations have demonstrated a torsion moment in caput femoris of 37 Nm 
in a 75 Kg person if normal FO in single leg stance, such as stair climbing (96), which 
corresponds to approximately 90 kg. The weight load mimics the leg press intervention in 
paper III. In paper III, Merle D’Aubigné and Postel mean score was 17 in both groups after 5 
weeks, indicating a normal gait without limping and a sufficient reattachment of the musculus 
gluteus medius to the trochanter major.  
 
Comparing muscle strength of the STG in paper III to the healthy subjects in paper I, leg press 
and hip abduction muscle strength in the STG is reduced, verifying the need for a longer 
maximal strength training programme to fully restore muscle strength. In paper IV, no 
differences in leg press or hip abduction were revealed between the STG and the CRG. The 
finding is not surprising, since the maximal strength training programme was not continued in 
the STG. After 5 weeks, all patients were referred to current rehabilitation course which 
consisted of outpatient physical therapy twice a week until 6 months postoperatively. In paper 
IV, the effects of free living were determined, and the amount of training was not 
systematically recorded. An overview of leg press and hip abduction strength results in the 
STG and CRG from preoperatively to 12 months postoperatively (paper III and IV) is 
presented in summary of results (Figure 5 and 6, respectively). 
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5.2 Muscle power in THA patients 
In paper I, RFD was equal in the healthy control group compared to the UNO-group despite 
differences in muscle strength. The results from paper II demonstrated similar results: No 
differences in RFD between the groups were found despite higher muscle strength in the 
healthy leg of the unilaterally operated group compared to the bilaterally operated groups. 
This finding is not controversial since increased muscle strength not automatically improves 
RFD (97, 171). Moreover, RFD is reported to decrease as a result of heavy strength training 
with slow moments (60, 97). To increase RFD, the high threshold muscle fibres (Type II 
fibres) must be recruited, which is ensured in maximal strength training performed with high 
velocity. In paper III, when the maximal strength training was added to the conventional 
rehabilitation programme, RFD improved by 65 % in the STG compared to the CRG. 
Improved RFD as a result of maximal strength training is in line with the findings in several 
studies (37, 73, 76, 166, 192). No difference in RFD was demonstrated between the STG in 
paper III and the UNO-group in paper I despite of the great discrepancy between the groups in 
time elapsed since surgery. A longer training period for the STG may have resulted in a 
higher RFD in the STG compared to the UNO-group. In paper IV, RFD in the operated leg 
was higher in the STG compared to the CRG after 12 months by 74 % despite no differences 
in muscle strength in the operated leg. Training with light or heavy loads, respectively, has 
been reported to give equal improvements in RFD despite differences in 1RM (7), 
demonstrating that RFD may be improved without a concomitant improvement in 1RM. 
 
For patients undergoing major surgery, such as THA patients, levels of muscle strength and 
RFD are expected to be lower ahead of surgery and immediately after surgery as disuse is one 
of the major contributors to skeletal muscle atrophy (163). Maximal strength training (3-5 
repetitions) recruits the high threshold motor units which predominantly consist of type II 
fibres (97) and thereby contributes to an increased reliance on type II fibres in THA patients. 
During fast movements with a short contraction time (<300 ms) maximal force is difficult to 
achieve, so that any increase in RFD will be important (193). Low levels of RFD are 
associated with limitations in activities of daily living, risk of falling and hip fractures (51, 99, 
105, 193). Thus it seems crucial to improve RFD in patients undergoing THA.  
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5.3 Aerobic endurance performance in THA patients 
Patients with OA of the hip frequently show decreased aerobic endurance performance. The 
degree of deconditioning correlates with the severity of OA and it is anticipated that inactivity 
caused by pain leads to the reduced aerobic endurance performance (145, 146). Paper I 
demonstrated clearly that VO2max in the THA patients (UNO-group) was decreased after THA 
as well compared to the healthy control group. The difference of 26 % in VO2max 
(corresponding to 8.1 mL · kg-1 · min-1) is noticeable as increased risk for developing 
cardiovascular disease and Type 2 diabetes is associated with inactivity and reduced VO2max 
(30, 101). According to the secondary law/regulative of Norway concerning compensation for 
permanent injury, unilateral THA produces 15-35 % degree of disability dependent on 
functional level. Bilateral THA results in 15-35 % further decrease in disability dependent on 
the degree of disability in the contralateral hip. Based on the above mentioned regulative, it is 
anticipated that a bilateral procedure is more disabling to the patients than a unilateral 
procedure of THA (3). In paper II, no differences in VO2max between unilaterally or bilaterally 
THA patients were detected despite differences in muscle strength. The results in paper III 
display similar findings as no differences in VO2max were found although differences in 
muscle strength were present. In consistency with the findings in paper III, several studies 
report no alterations in VO2max as an effect of strength training only (70, 110, 116, 141). In 
paper IV, no difference in VO2max between the STG and CRG was present even if work 
efficiency was higher in the STG. Differences in aerobic endurance performance despite 
similar VO2max may be explained by the impact of work efficiency (126). 
 
Maximal strength training is frequently reported to improve aerobic endurance performance 
(73, 75, 76, 85, 87, 141, 155) by increasing work efficiency. In paper I, the healthy control 
group displayed a 42 % higher work efficiency compared to the UNO-group which may be 
explained by an increased walking performance in the healthy controls. In paper III, work 
efficiency was not significantly increased in the STG compared to the CRG despite vast 
differences in muscle strength and RFD. In line with the findings in paper III, Kelly et al. (89) 
discovered no significant differences in work efficiency between a group adding heavy 
strength training to an endurance programme or a group performing the endurance 
programme only. Since maximal strength training has not been performed in THA patients 
previously, comparing the effects of maximal strength training on work efficiency with other 
studies is not feasible. Another element is that THA patients undergoing major surgery in the 
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lower limbs may respond differently to maximal strength training concerning effects on work 
efficiency. The reason might be that the low amount of walking activity has reduced the 
transfer of muscle strength from leg press to efficient walking, which is in line with the 
findings from Almåsbakk and Hoff, highlighting specificity of training (7). According to the 
findings in paper III and IV, the effect of the maximal strength training on work efficiency 
seems to be delayed. In paper IV, work efficiency was higher in the STG with a difference of 
29 % and 30 % 6 and 12 months after THA surgery. The improved work efficiency in the 
STG group was reflected by reduced VO2 and HR at the submaximal oxygen test. Compared 
to the CRG, a 14 % reduction in VO2 (ml · kg-0.75 · min-1) was found after 6 months whereas 
VO2 in ml · kg-1 · min-1 and in ml · kg-0.75 · min-1 were lowered by 30 % and 29 %, 
respectively followed by a 13 % reduced HR 12 months postoperatively. Yet, the work 
efficiency value of the STG (19 % and 16 % after 6 and 12 months, respectively) was still not 
within the range of normal value which is considered to be 20-25 % (114). Nankaku et al. 
(130) found reduced work efficiency in THA patients compared to healthy controls after a 4 
week rehabilitation period and the reduced work efficiency was mainly explained by 
increased lateral trunk displacement caused by weakened hip abductor muscles. Similar 
finding is reported by Brown et al. (34) discovering lower work efficiency in the THA 
patients 1 year after surgery compared to that of healthy subjects. Work efficiency reflects the 
THA patient’s functional performance level (184) and an increased work efficiency may 
allow the THA patients to be more physically active at a higher intensity which is favourable 
in order to improve VO2max. As VO2max is known to be a predictor of mortality (129), a high 
VO2max is important.  
 
Measuring gait patterns in paper I revealed that the forefoot pressure during walking was 
significantly higher in the healthy leg than in the operated leg in the unilaterally operated 
THA patients. This seems to be an attempt to reduce load of the operated leg and thus to an 
asymmetric loading of the limbs which in turn  increases energy expenditure (33) and thereby 
affects work efficiency negatively. Talis et al. (168) and McCrory et al. (117) demonstrated 
similar findings: Unilaterally operated THA patients loaded the healthy leg more than the 
operated leg.  The results of paper II, III and IV revealed no differences between the groups in 
the different gait variables. Walking on a relatively slow pace (4 km · h-1) on a horizontal 
treadmill for 2-3 minutes only, may enable the patients to mask possible weak hip abductor 
muscles. A positive correlation between hip abductor strength and maximal walking speed has 
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been reported (109, 178) and related to paper III, where hip abductors were stronger in the 
STG, maximal gait speed would have been assumed higher in the STG compared to the CRG. 
However, gait speed was not measured in the studies I-IV.  
 
5.4 Biomechanical considerations 
Normal FO in adult individuals is averagely 43 mm (± 6.8 mm)(132). In paper I, all patients 
had normal FO in the operated leg (mean 43.7 mm) compared to their healthy side (mean 42.5 
mm). Comparing with healthy subjects in paper I, muscle strength was reduced and muscle 
strength differences between the legs were present in the UNO-group despite optimal 
anatomical reconstruction of the hip joint. In paper II, FO was 38.8 and 48.8 mm in the 
abnormal and normal side, respectively in the BDO. The expected difference in hip abduction 
strength between the BNO and BDO failed to appear. The contribution to hip abduction 
strength of the tensor fascia lata (195) combined with an adequate hip lever arm ratio (> 0.5 in 
all groups), a too small sample size, too small discrepancies in FO or an inefficient 
rehabilitation may explain the lack of significant muscle strength differences despite 
dissimilarities of FO in paper II. In paper III (and IV), all THA patients had normal FO 
compared to preoperative values and hip abductor strength was considerably higher in the 
STG compared to the CRG as a result of maximal strength training. A correct anatomical 
reconstruction of the hip joint after THA has several advantages. However, it is believed that 
an early rehabilitation of the muscles after THA surgery is of greater importance than the 
reconstruction of the mechanics of muscle pull (33, 152). Thereby, an insufficient 
rehabilitation may be one of the factors explaining the findings in paper I and II.  
 
5.5 Hip score systems 
Several hip scores systems are used in the orthopaedic practice, but the validity of the 
different score systems has been questioned and the results may be biased by the fact that 
surgeons evaluate their own results. Moreover, the hip scores systems are criticized for not  
including a patient satisfaction part (56). In paper I, the patients obtained  a hip score value of 
17 points measured by Merle D’Aubigné and Postel scoring system. However, functional 
physical tests revealed strength deficits, reduced walking efficiency and aerobic endurance 
performance compared to healthy subjects. In paper II, functional hip score demonstrates 
values close to optimal score (17-18 points) for all 3 patient groups. The corresponding value 
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in paper III was 17 points in both groups although vast muscle strength differences were 
present between the STG and CRG. In paper IV, the scores were 17 and 18 points in the STG 
and CRG, respectively, not accounting for increased work efficiency and RFD in the STG 
compared to the CRG. The results in the present thesis indicate hip score systems to bee 
insufficient in determining physical performance of the THA patients. The hip score system 
do not seem to be sufficient sensitive to detect the true physical level of the patients. An 
example is the term “normal gait function” in the Merle D’Aubigné and Postel scoring system 
which gives maximal score without providing information about walking speed or distance. 
 
5.6 Health related quality of life
In paper III and IV, HRQoL was measured by the SF-36 short form survey. Paper III revealed 
an increase in the physical component score (PCS) in both the STG and the CRG from 1-5 
weeks postoperatively averaging 21.5 % with no differences between the groups. Mental 
component score (MCS) was 21.7 % and significantly higher in the STG compared to the 
CRG 1 week after the operation and may be explained by the effect of the extra follow-up 
time in the STG. 12 months after surgery (paper IV), PCS values were 47 and 48 in the STG 
and the CRG, respectively. The PCS values in both groups in paper IV are higher compared to 
those of Mahomed et al. (108) who found a PCS value of 39 12 months postoperatively. MCS 
score was 52 and 50 in the STG and the CRG, respectively whereas the corresponding value 
in the Mahomed study was 45. No differences between the groups in the HRQoL variables 
were detected after 5 weeks, 6 or 12 months postoperatively. The improved work efficiency in 
the STG would have been expected to be accompanied by differences in HRQoL. An 
explanation may be that generic instruments, as the SF-36, may often lack the sensitivity to 
detect differences between treatment methods compared in clinical trials. Disease-specific 
scales may have revealed differences among the groups since they generally are reported to be 
more responsive than generic health status measures (48). Western Ontario and McMaster 
Universities OA index (WOMAC) is a disease-specific questionnaire used to assess pain, 
function and stiffness of hip and knee (22). The SF-36 as well as the WOMAC questionnaires  
are reported to detect alterations in pain in THA patients undergoing rehabilitation after 
surgery while the WOMAC have demonstrated better ability to detect functional 
improvements (10).  Mahomed et al. (108) report large inter-group improvements in the SF-
36 and the WOMAC from before to 3 months after surgery. No differences between the 
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groups were revealed at 12 months after surgery by the use of SF-36 or WOMAC in the 
Mahomed study, which is in line with the findings in paper IV.  
 
5.7 Risk of muscle strength training 
Rupture of the reattachment of the musculus gluteus medius and luxation of the hip joint 
during hip abduction and leg press training and testing were considered adverse events in 
paper III and IV. In order to avoid possible luxation of the hip joint in the leg press exercise, 
the angle in the hip joint was carefully adjusted to be 90°. Reconstruction of the hip abductor 
muscles of the patients was modified from previous procedures by using 2 non resorbable 
osteosutures and a continuously sewed slowly resorbable looped monofilament suture. 
Furthermore, the strength of the modified suturing technique was adequate when tested in an 
intact cadaveric pelvis. No adverse events occurred during training and testing in the THA 
patients (III and IV). Increased muscle strength may be favourable to the hip implant and 
important in order to improve coordination and to prevent falls (98). Considering the 
relationship between VO2max and mortality (112, 129, 149, 185), the risk of inactivity caused 
by reduced muscle strength ought to be considered higher.  
 
5.8 Limitations
The low number of participants can be considered a limitation in the studies as minor 
differences may not be observed. Despite the low number of subjects, significant differences 
were found which strengthen the results. A higher number of participants might however 
secure a greater generalisation of the results to the patient group, although it is not believed 
that there is unintentional bias in the population used in the present experiments. In paper III 
(and IV) a longer duration of the maximal strength training programme (10-12 weeks) might 
have revealed differences in muscle strength at 6 and 12 months (paper IV) as well. A 
limitation in the gait analysis part in the present thesis is that the variables maximum walking 
speed, a 6 min walking test or walking distance should have been added. These tests may 
have resulted in differences between the groups and comparisons with other studies would 
have been applicable. In paper IV, physical activity was not systematically recorded in the 
THA patients. Such registration would have been beneficial in order to state whether 
improved work efficiency actually resulted in increased physical activity in the STG or 
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otherwise; to confirm that the improved work efficiency was a result of increased physical 
activity. 
 
5.9 Perspectives
THA is one of the most successful medical innovations developed in the 20th century (66). 
THA has been documented to relieve pain, improve function, correct deformity, increase 
social functioning, reduce the individual’s reliance on others, and contribute to psychological 
well-being as well as being cost-effective to society and improve quality of life. In the US, the 
prevalence of THA is expected to increase by 174 % from 2005-2030 (66). Current 
rehabilitation does not seem to restore functional abilities in the THA patients compared with 
healthy subjects. Weakened abductor muscles, reduced walking speed and asymmetric 
loading of the limbs, reduced work efficiency and diminished aerobic endurance performance 
are frequently reported after the rehabilitation period (33, 115, 168). Thus it seems crucial to 
implement an effective rehabilitation program to the THA patients both in terms of reducing 
health risks, increasing patient satisfaction and protecting the hip implant.  
 
The present thesis shows that VO2max, muscle strength and work efficiency are reduced 
compared to healthy subjects and that aerobic endurance performance is reduced to the same 
extent in unilaterally and bilaterally operated THA patients. Maximal strength training in hip 
abduction and leg press is demonstrated to be highly effective in order to improve muscle 
strength in THA patients and to have a positive impact on work efficiency after 6 and 12 
months. VO2max and work efficiency did not reach recommended levels in the CRG and the 
STG at the end of follow-up. Thus, a combination of a prolonged maximal strength training 
programme (10-12 weeks) followed by a programme enhancing aerobic endurance 
performance would be beneficial in future rehabilitation programmes for THA patients. 
Considering prosthetic wear, interval training performed as cycling or uphill walking should 
minimize wear, but still tax the circulatory system sufficiently to improve VO2max. Interval 
training performed as 4 x 4 minutes of aerobic intervals at 85-95 % of HRmax with 3 minutes 
active rest between the intervals has been carried out successfully in both coronary artery 
disease patients and chronic obstructive lung disease patients with an improvement in VO2max 
of approximately 0.5 % per training session (27, 148). 
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It seems safe to state that current rehabilitation for the THA patients is insufficient. By using 
well documented training methods such as the maximal strength training, rehabilitation of the 
THA patients can be improved.  
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6 Conclusions
 
Patients undergoing THA 3-5 years prior to physical tests demonstrated reduced muscle 
strength, VO2max, work efficiency and asymmetric loading of the limbs compared to healthy 
age-matched subjects. The results indicate that current rehabilitation programs are inefficient 
in restoring muscle strength and aerobic endurance performance. 
 
Unilaterally and bilaterally operated THA patients demonstrate similar results in VO2max, 
work efficiency and gait measurements. In the bilaterally operated patients, an optimal 
biomechanical reconstruction of the hip joint did not result in differences in hip abduction 
muscle strength.  
 
Maximal strength training with few repetitions, heavy loads and maximal concentric 
contraction is an efficient and safe treatment in an early postoperative phase for patients 
undergoing THA. Compared to the conventional rehabilitation program, the maximal strength 
training resulted in larger improvements in RFD, hip abduction and leg press.   
 
Maximal strength training for 4 weeks starting 1 week postoperatively in THA patients, 
improved work efficiency 6 and 12 months postoperatively and RFD 12 months 
postoperatively compared to the conventional rehabilitation programme. 
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Abstract
The purpose of the present study was to determine whether unilaterally operated total hip 
arthroplasty patients were superior to bilaterally operated THA patients with respect to 
aerobic endurance performance, muscle strength and gait patterns 3-5 years after surgery, and 
to what extent medial femoral head offset influenced hip abductor strength. 10 unilaterally 
operated THA patients with normal FO (UNO), 10 bilaterally operated THA patients with 
normal FO (BNO) and 10 bilaterally operated THA patients with abnormal low offset (BDO) 
participated in the study. Improved muscle strength in the healthy leg of the UNO did not 
result in differences compared to the BNO and the BDO in work efficiency, gait patterns or 
maximal oxygen consumption. A reduced FO in the BDO did not result in lower hip 
abduction strength compared to the BNO. A correlation between reduced FO and low hip 
abduction strength was found in the BDO (r=0.866, p=0.001). Future focus should be in the 
quality of the rehabilitation. 
Key words: total hip arthroplasty, VO2max, strength, work efficiency, medial femoral head 
offset 
 /
Introduction 
Studies of physical performance after total hip arthroplasty (THA) include a majority of 
patients with unilateral disability. However, 15-25 % of adults with hip diseases need bilateral 
surgery (1). Studies on bilateral THA have focused on the one-stage versus two-stage surgical 
procedure issue with particular focus on complication rate, mortality and cost effectiveness (2, 
3, 4, 5). A few studies have compared gait patterns and walking efficiency measured by 
oxygen consumption (VO2) between unilaterally and bilaterally operated THA patients (6, 7, 
8, 9). 
 
Aerobic endurance capacity is one of the most important factors determining physical 
performance (10). Pate and Kriska (11) report maximal oxygen consumption (VO2max), lactate 
threshold  and work economy as major factors contributing to aerobic endurance performance 
(11) and where VO2max is regarded as the single most important factor (10). Myers et al. (12) 
report peak exercise capacity to be a stronger predictor of death compared to other risk factors 
in healthy subjects as well as in subjects with cardiovascular disease. Thus, it is essential to 
address this issue in the treatment of THA patients as well. Patients undergoing unilateral 
THA demonstrate an abnormal gait pattern (13) decreased walking efficiency (6) and lower 
muscle strength (14, 15, 16) after surgery and rehabilitation compared to healthy subjects. A 
relationship between muscle strength and work efficiency has been found, (17, 18, 19, 20) 
indicating strengthening of the muscles to be of importance in order to perform physical 
activities in an efficient manner.  
 
Weakness of the hip abductor muscles is a common finding after THA (21, 22, 23). Normal 
function of the hip abductor muscles is crucial for a normal gait pattern without limping (24). 
Medial femoral head offset (FO) is one of the contributors to increase the hip abductor 
moment arm and thereby influence hip abductor strength. By increasing the FO during 
surgery, the hip abductor moment arm can be increased (25). FO has been reported to 
correlate positively with hip abductor strength and it has been suggested that greater FO after 
THA allows increased range of hip abduction and greater hip abductor strength. Furthermore, 
a large FO increases stability due to reduced risk of impingement and improved soft-tissue 
tension (26).  
 
The aim of the study was to investigate whether bilaterally operated THA patients show lower 
muscle strength, aerobic endurance performance and different gait pattern compared to 
 3
unilaterally operated THA patients, and to examine whether decreased FO influences hip 
abductor muscle strength. We hypothesized that; 1) the bilaterally operated THA patients had 
lower aerobic endurance performance and muscle strength and different gait pattern compared 
to the unilaterally operated THA patients 2) the bilaterally operated patients with normal FO 
would be superior to the bilaterally operated patients with abnormal FO with respect to hip 
abduction strength.  
 
Material and methods  
Subjects 
30 fully recovered patients operated with THA performed either unilaterally or bilaterally, 
were recruited from the Orthopaedic department at St. Olav’s University Hospital in 
Trondheim, Norway. The patients were divided into subgroups postoperatively. All patients 
were consecutively selected from a series of patients operated with uncemented, well 
documented prosthesis attending the routine follow-up rehabilitation program. Inclusion 
criteria were age <65 years and THA(s) performed between 3-5 years prior to the study. 
Exclusion criteria were disease that might influence physical testing performance, heart or 
lung disease and malign disease. Anthropometric data are presented in table 1. The study was 
approved by the Ethical Committee at the Faculty of Medicine at NTNU, Trondheim, Norway 
and conducted in accordance with the Helsinki declaration. Prior to the study, all patients 
were informed about the project and gave written informed consent.  
 
Surgical procedure 
Surgery was performed by different orthopaedic surgeons. All patients had THA surgery 
performed through the same approach and surgical procedures were performed in accordance 
with the routines of the orthopaedic department. The hip was approached through a posterior 
curved, lateral incision.  The m. tensor fascia latae, the m. gluteus medius and the m. vastus 
lateralis were distally incised direct laterally.  Proximally, a slight posterior curvation of the 
incision in the m. tensor fascia latae and the m. gluteus medius were performed.  The common 
muscle plate of the anterior part of m. vastus lateralis and m. gluteus medius was dissected 
subperiostally from the greater trochanter.  After arthrotomy and dislocation, the femoral 
canal was entered through fossa piriformis. The acetabular component as well as the femoral 
component was inserted following the surgical procedures of the manufacturers. During 
reconstruction of the hip abductor muscles, the common muscle plate was refixed to the 
greater trochanter with a double unresorbable osteosuture. Furthermore, this fixation was 
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reinforced with a continuously sewed slowly resorbable suture, leaving no gap between the 
muscle plate and the anterior part of the greater trochanter (Vicryl, No2, Johnson & Johnson, 
NJ, USA). 
 
Study design 
3 different groups were compared in the study. One group consisted of 10 unilaterally 
operated THA patients, either right- or left hip joint with a normal FO based on the 
measurement of FO in the healthy leg (UNO). The bilaterally operated patients had surgery 
performed as two-stage surgery and were divided into 2 groups: 10 bilaterally operated 
patients where one hip joint of the patients had abnormal low FO whereas the other hip joint 
had normal FO compared to preoperative values (BDO), and 10 bilaterally operated patients 
where both hip joints had normal FO compared to preoperative values (BNO). Abnormal FO 
in the present study was defined as a FO difference >5 mm compared to preoperative values 
or healthy leg values. After discharge from the hospital, all patients had inpatient treatment in 
a rehabilitation centre for 4 weeks and performed exercises supervised by physical therapists. 
The exercises consisted of individual sling exercise therapy in hip abduction/adduction, hip 
flexion/extension, exercises with low resistance (>12-15 repetitions) or no resistance and 
exercises performed in water when sutures had been removed. After discharge to their homes, 
the patients were referred to outpatient physical therapy twice a week until 6 months 
postoperatively. Different physical therapists supervised the patients during training, though 
receiving identical exercise instructions from the orthopaedic surgeons. Prior to exercise 
testing, the patients were examined by an orthopaedic surgeon who approved the physical 
tests. All patients met for testing once and the duration was approximately 1 hour.  
 
Testing procedures 
The testing procedures were performed in the same order as listed below for all patients. Prior 
to testing, the patients performed 10 minutes treadmill walking with exercise intensity 
allowing conversation without breathlessness. All tests were supervised by the 2 exercise 
physiologists. 
 
Muscle strength measurements. 
The physical tests started with determining bilateral 1 repetition maximum (1RM) dynamic 
leg press followed by testing the right and left leg separately. The patients performed the 
strength tests in a seated position in a leg press ergometer (Technogym, Italy) with a knee 
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joint angle of 90° between femur and tibia and a 90° joint angle in the hip joint. The initial 
weight load was based on a subjective estimation of the patient’s capacity to prevent the fitter 
patients from starting at too low an intensity. The patients used 4-5 attempts to determine 
1RM. Weight load was increased by 5-10 kg at each ramp, and the test was terminated when 
the patients no longer managed to perform the leg press movement. Force development, 
determined as rate of force development (RFD) and peak force (PF), was measured with data 
collected at 2000 Hz using a force platform with a software specifically developed for the 
platform (Bioware, Kistler, Switzerland). The force platform consists of an aluminium top 
plate placed on top of 3-component force sensors that allows measurements of force and 
torque in three axes i.e. vertical, left- and right horizontal. The patients performed the test of 
RFD and PF in a seated position in a leg press ergometer (Technogym, Italy) with a knee joint 
angle of 90º. The weight load was 40 kg for all patients. The Kistler force platform was 
placed in a vertical position on the leg press ergometer. PF is the highest force attained during 
the movement. RFD is determined as 10-90 % of PF during the concentric action.  
 
1RM dynamic hip abduction was measured using a custom-made table. The patients were 
tested in a supine position. To enable maximum stabilization, the pelvis was stabilized by an 
adjustable clamp arch against the ala ossis ileii. The patients performed 1RM hip abduction of 
the right and left leg respectively. One leg was resting in a sling while the other leg was 
tested. The testing leg was placed in a 15 cm wide sling and horizontally mounted to the 
pulling apparatus with a rope. The lower edge of the sling was placed at tuberositas tibiae. 
Weight load was increased by 5 kg at each ramp and the test was terminated when the patients 
no longer managed to perform the hip abduction movement. The patients were instructed to 
perform the movement with the arms placed on the chest and to keep the performing leg 
extended with the foot pointing forward using a horizontal movement.  
 
Gait patterns  
Gait patterns were recorded while the patients were walking at a standardized velocity of 4 
km·h-1 on a horizontal treadmill (Technogym, Runrace 1200 HC, Italy). A Pedar-X dynamic 
pressure distribution measure system was used for capacitive sensors (Novel Pedar-X System, 
Germany). Data was collected at 50 Hz. Step length, peak force (PF) and peak pressure (PP) 
heel/toe, stance time and impulse were calculated. The Pedar measurement system has been 
proven to be a valid and reliable measure of contact area and peak pressure (27, 28). Two 
flexible insoles with sensors were placed in the right and left shoe respectively. Pressure 
 
ranges during walking were logged and analyzed. Before recording, the patients walked with 
the measuring equipment for 2 minutes to ensure a steady state of walking, without being 
informed about the recording period. The recording measurement duration lasted 30 seconds 
and the recorded steps from 11-20 in each subject were used in the analysis of gait 
parameters.  
Work efficiency and work economy
The patients performed treadmill for 5 minutes (Technogym, Runrace 1200 HC, Italy) at a 
standardized workload corresponding to 40 Watts (W). Work efficiency was calculated 
between 3.30-4.30 min during the 5 min standardized workload test. Work economy was 
determined as the oxygen cost at 40 Watts. All ventilatory parameters and pulmonary gas 
exchange was measured using Cortex Metamax I portable metabolic test system (Cortex 
Biophysik GmbH, Germany). For measurements of heart rate (HR), short-range radio 
telemetry with Polar accurex watches were used (Polar Electro Oy, Finland). Net efficiency 
was calculated by the following equation: 
100
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REE; resting energy expenditure
Resting energy expenditure was calculated from standardised values of 3.5 ml · kg-1 · min-1. 
Both VO2 and W were converted to kilocalories (Kcal) to allow the calculation of percent 
work efficiency. Work efficiency reflects the percentage of total energy expended that 
contributes to external work, with the reminder lost as heat (29). 
 
VO2max
VO2max was tested by treadmill walking (Technogym, Runrace 1200 HC, Italy). VO2max was 
determined by increasing speed and inclination each minute until exhaustion. All ventilatory 
parameters and pulmonary gas exchange were measured using Cortex Metamax I portable 
metabolic test system (Cortex Biophysik GmbH, Germany). For measurements of HR, short-
range radio telemetry with Polar accurex watches were used (Polar Electro Oy, Finland). 
VO2max was calculated as the 3 highest continuous 10 second measurements. The highest HR 
recorded during the last minute of the test was determined as maximal HR (HRmax). VO2max is 
defined as the highest VO2 the individual can reach during exercise involving large muscle 
groups (10). After the VO2max test, the patients gave a subjective evaluation of perceived 
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exertion by end-exercise leg effort and breathlessness using the Borg ratio scale. The scale 
ranges from 6-20, where 20 represent the highest degree of exertion (30). 
 
Radiological assessments  
Anteroposterior pelvic radiographs were taken prior to examination, using a 28 mm 
magnification marker, located at the level of the symphysis. All radiographs were digitized 
and a computer analysing program (SectraPACS) was used for all measurements including 
calibration of the radiographs. All parameters were measured by 2 independent observers. 
 
Calculation and measurement of biomechanical values 
FO was measured as the perpendicular distance between the longitudinal axis of the femur 
and the centre of the femoral head (25). The greater trochanter tangent was a line drawn 70º to 
the centre to centre line, and tangential to the most lateral part of the greater trochanter. The 
acetabular lever arm was defined as the perpendicular distance from the femoral head centre 
to the greater trochanter tangent. Hip lever arm ratio was calculated as the hip abductor lever 
arm divided by the body weight lever arm (31) (Figure 1). Calculated hip abductor strength 
was recorded dynamic hip abductor strength (kg · mb-1) multiplied by leg length from the 
spina iliaca anterior superior to the tuberositas tibia (measured in vivo) divided by length of 
the hip abductor lever arm (32).  
 
Clinical function score of the hip 
For clinical evaluation of hip function, the Merle D’Aubigné and Postel scoring system was 
used. The scoring system evaluates pain, joint mobility and gait function with a range from 3-
18 where 18 indicates optimal function of the hip (33).  
 
Statistical analysis 
The software program SPSS 17.0 (Statistical Package for the Social Sciences, SPSS Inc. 
Chicago, IL) was used for statistical analysis. Data are presented as mean ± standard deviation 
(SD). The parameters were found normally distributed by the use of Q-Q plot. One-way 
analysis of variance (ANOVA) with Tukey`s honestly significant difference post-hoc tests 
were used to determine differences in parameters between the groups. The relationship 
between variables was determined by Pearson`s p correlation analysis. A p-value < 0.05 was 
considered significant for all measurements. With a power of 0.80 and a two sided  value of 
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0.05 and an expected difference of 20 kg in hip abduction between the BNO and BDO, the 
calculated number of patients needed in each group was 9. 
 
Results
Anthropometric data (Table 1) 
Right leg FO of the BNO was significantly larger compared to the abnormal FO leg of the 
BDO by 23 % (p=0.002). Differences in FO between the legs were larger in the BDO both 
when compared to the BNO and to the UNO (by 623 %, p<0.001 compared to both groups). 
No differences in hip score were found between the groups. 
 
Muscle strength measurements (Table 2) 
Bilateral leg press in kg · mb-1 demonstrated significantly higher values in the UNO compared 
to the BDO by 38 % (p=0.032). Bilateral leg press in kg · mb-1 was significantly higher in the 
UNO compared to the BNO by 31 % (p=0.015). Leg press healthy leg in kg · mb-1 and kg · mb-
0.67 in the UNO revealed significantly higher values compared to the left leg of the BNO by  
46 % (p=0.005) and 35 % (p=0.023) respectively. Leg press healthy leg in kg · mb-1 and kg · 
mb-0.67 in the UNO revealed significantly higher values compared to the normal FO leg of the 
BDO by 33 % (p=0.010) and 38 % (p=0.020) respectively. Leg press difference between the 
legs was significantly larger in the UNO compared to the BDO and BNO by 320 % (p=0.003) 
and 300 % (p=0.003) respectively. 
 
Hip abduction strength of the healthy leg of the UNO in kg, kg · mb-1 and kg · mb-0.67 
demonstrated significantly higher values compared to the normal FO leg of the BDO by 79 % 
(p=0.007), 92 % (p=0.002) and 89 % (p=0.003) respectively. The corresponding results for 
the healthy leg of the UNO compared to the left leg of the BNO in kg · mb-1 and  
kg · mb-0.67 was 58 % (p=0.20) and 51 % (p=0.032) respectively. Hip abduction strength 
difference between the legs was significantly larger in the UNO compared to the BDO and 
BNO by 153 % (p=0.015) and 187 % (p=0.008) respectively. 
 
Biomechanical measurements and calculations (Table 3) 
Hip lever arm ratio was larger in the operated leg of the UNO compared to the abnormal 
offset leg of the BDO by 17 % (p=0.048). Calculated hip abduction strength was greater in the 
healthy leg of the UNO compared to the left leg of the BNO and the normal FO leg of the 
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BDO by 61 % (p=0.027) and 111 % (p=0.002) respectively. Abductor lever arm was larger in 
the right leg of the BNO compared to the abnormal FO leg of the BDO by 20 % (p=0.017). 
A positive correlation was found between FO and calculated hip abduction strength in the 
abnormal offset side of the BDO (r=0.893, p=0.001) as well as between FO and hip abduction 
strength (kg · mb-1) (r=0.866, p=0.001). A negative correlation was found between FO and 
calculated hip abduction strength and between FO and hip abduction strength (kg) in the 
operated leg of the UNO (r=-0.707, p=0.022 and r=-0.636, p=0.048, respectively).  
 
Maximal oxygen uptake, work efficiency and work economy (Tables 4 and 5) 
No differences between the groups were revealed in VO2max, work efficiency and work 
economy.
Gait patterns 
No difference in the various gait variables was found between UNO and the bilaterally 
operated groups, or between the BDO and BNO. 
 
Discussion
The present study shows that despite greater muscle strength in the healthy leg of the UNO, 
this did not to result in increased work efficiency or VO2max or differences in gait patterns 
compared to the BDO and the BNO. Differences in FO between the BNO and the BDO did 
not result in hip abduction strength differences between the groups. A positive correlation 
between hip abductor strength and FO in the abnormal FO leg was found in the BDO.  
 
The importance of a correct FO in the THA surgery has been emphasized in the literature (22, 
26, 34, 35, 36). A correct FO primes the ability of the patient to regain strength of the hip 
abductor muscles postoperatively. Despite optimal biomechanical reconstruction of the hip 
joint, the overall result for the patient does not seem to bee adequate. It has been questioned 
whether the current rehabilitation programmes fulfil the needs of the patients (14, 15). 
Adequate strengthening of the musculature surrounding the hip is of importance to secure the 
longevity of the implant (37). Some authors state early rehabilitation of the weakened 
musculature to be of greater importance than the biomechanical reconstruction itself (22, 38). 
The latter can explain the findings in the present study where no significant differences in 
muscle strength were found between the bilaterally operated groups with normal and 
abnormal FO values respectively. Another possible explanation may be the contribution to hip 
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abductor strength of the m. tensor fascia latae and the iliotibial tract. The m. tensor fascia latae 
is known to be one of the contributors to the abduction movement in the hip joint. Laboratory 
studies have demonstrated the iliotibial tract to balance a significant tension of the proximal 
lateral aspect of the femur (39). The hip lever arm ratio of the BDO is > 0.5 and shows that 
the discrepancy in FO may be too small to give significant hip abductor muscle strength 
differences among the BNO and BDO. The contribution to hip abduction strength of the 
tensor fascia lata combined with an adequate hip lever arm ratio may explain the lack of 
significant muscle strength differences despite dissimilarities of FO in the present study.  
 
Based on the findings of  McGrory et al.(26), a correlation between hip abduction strength 
and FO would have been expected in all groups in the present study. The study of McGrory 
and co-workers demonstrated correlations between FO and both hip abduction strength and 
the length of the hip abductor lever arm. The reason for not finding positive correlation 
between FO and hip abductor strength in the present study may be due to a too small 
discrepancy in FO (>5 mm). However, the bilateral group with abnormal FO demonstrated 
correlation between reduced FO and low hip abductor strength which is in line with the 
findings of above-mentioned study. The finding of a negative correlation between FO and 
both calculated hip abduction strength and hip abduction in kg in the operated leg of the UNO 
group may indicate lower hip abductor strength levels than expected. 
 
Few recent studies have addressed the aerobic endurance capacity and work efficiency of 
patients operated with THA, and it is an interesting finding in the present study that there is 
no difference in work efficiency or VO2max between unilaterally and bilaterally operated THA 
patients. Brown et al.(6) measured walking efficiency in 29 unilaterally and bilaterally 
operated THA patients. The number of bilaterally operated patients in that study was small, as 
only 2 patients were included in the study, and the unilateral and bilateral groups were not 
compared. The findings of the study by Brown and co-workers was that despite large 
improvements in walking efficiency postoperatively, patients fitted with THA still have a 
higher energy cost of walking compared to healthy subjects. McBeath et al.(8) studied 
walking efficiency in unilateral and bilateral THA patients. A 187 % and 65 % increase in 
walking efficiency was found 4 years postoperatively in the unilateral and bilateral groups, 
respectively. Walking efficiency was expressed as ml · kg-1· m-1. The increase in percent in 
walking efficiency was greater in the unilateral operated group, but because the decrease in 
walking efficiency was more pronounced in the unilateral group at the 6 months test, firm 
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conclusions about the most improving group are difficult to make. Unfortunately, the groups 
in the study were not compared statistically. Mattson and co-workers (7) report a trend 
towards a higher oxygen cost of walking for bilaterally operated THA patients compared with 
unilaterally THA patients 6-12 months after surgery. Thus, it seems to be no consensus 
concerning this issue.  
 
Walking speed reached similar levels in both unilateral and bilateral groups 1 year 
postoperatively in a study of McBeath et al. (8) with greater increase in the bilateral operated 
group presumable due to lower preoperative walking speed in this group. The results of the 
McBeath study have resemblance to the present study where no differences in gait patterns 
between unilateral and bilateral THA patients were revealed. Walking speed was not 
measured in the present study. However, a correlation between gait velocity and walking 
efficiency was found in the McBeath study as well which justifies comparison. Correlation 
between hip abductor strength and gait velocity has been reported previously (40) and since 
hip abductor strength did not differ between the groups in the present study, one may 
anticipate gait velocity to be equal. Berman et al. (41)evaluated gait patterns in unilaterally 
and bilaterally operated (two-stage) total knee replacement patients and found the largest 
improvements in the bilaterally operated group. The finding could be explained by the 
negative effect from asymptomatic arthritis of the healthy knee in the unilaterally operated 
group (41). Although the study involved total knee replacement patients, one may speculate 
the same phenomenon to occur in THA patients. 2 of the unilaterally operated patients in the 
present study had radiographic evidence of arthritis in the contralateral hip joint and mild 
symptoms of arthritis which might have influenced physical performance negatively. The 
incidence of bilateral osteoarthrosis of the hip in the present study is in accordance with 
literature referred previously. In disagreement with the results in the present study, Wykman 
and Olsson (9) reported unilaterally operated THA patients to be superior to bilaterally
operated THA patients with respect to gait patterns including walking speed. Free walking 
speed was measured in the above-mentioned study which may have resulted in that the 
patients were able to walk at a slow pace and thereby mask an abnormal gait pattern. 
 
In the present study, VO2max did not differ between the groups either they underwent 
unilateral or bilateral THA. VO2max averaged 29 mL · kg-1 · min-1 in the 3 groups which is 
lower than recommended levels (29). Ries et al. (42) reported improved cardiovascular fitness 
after THA. However, VO2max was 16.1 mL · kg-1 · min-1 2 years after surgery which is even 
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lower compared to the present study allowing for testing performed as stationary cycling in 
the study by Ries et al. Since VO2max is a strong predictor of mortality (12), it is crucial to 
offer the THA patients a rehabilitation programme that incorporates endurance training in 
addition to strength training. Expectations to physical fitness level in THA patients seem to be 
relatively low, since restrictions in physical activity have been emphasized from the 
orthopaedic surgeons and a majority of the patients have been satisfied by the relief of pain. 
In the future, the patients will probably have higher expectations to physical capacity after 
THA as the post-war generation predominate population. This generation is anticipated to 
have higher demands and will probably accept few limitations in physical activity (43).   
 
Functional hip score as measured by Merle D’Aubigné and Postel scoring system 
demonstrated values close to optimal score for all 3 patient groups. Garrelick et al. (44) claim 
traditional hip score systems to be insufficient to evaluate the outcome of THA. The main 
complaints are lack of subjective evaluation of the patients and the variety of hip score 
systems making comparison between studies difficult. In addition, the sensitivity of the hip 
score system do not seem to be present in order to detect the true physical level of the 
patients. An example is the term “normal gait function” in the Merle D’Aubigné and Postel 
scoring system which gives maximal score without providing information about walking 
speed or distance. Orthopaedic research has been claimed to pay too much attention to the 
technical aspects of surgery rather than focusing on the overall physical outcome for the 
patients (42, 45). Technically well performed THA does not necessarily lead to a success 
concerning physical performance of the patient unless follow-up and rehabilitation have the 
same standard as surgery itself.  
 
A limitation of the study is the low number of participants which makes it difficult to 
generalise the present findings to the whole population of THA patients. The expected 
differences in hip abduction strength between the groups were not present which might have 
been avoided with a larger sample size. Further research should implement larger number of 
unilaterally and bilaterally operated THA patients to state whether muscle strength and 
aerobic endurance capacity is equal. In one of the groups the male-female ratio was 2:8 which 
could be a possible bias in the findings in aerobic endurance capacity and muscle strength. 
However, no differences were detected between the gender balanced groups in the parameters 
mentioned above. 
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Conclusion
The present study demonstrates no differences between unilaterally and bilaterally operated 
THA patients concerning work efficiency, gait patterns and VO2max. There were no 
differences in hip abduction strength between the BNO and the BDO despite differences in 
FO. A positive correlation between reduced FO and low hip abduction strength was observed 
in the abnormal FO side of the BDO. However, low FO does not seem to influence the overall 
physical outcome of the THA patients and future focus should be more on the quality of the 
rehabilitation process. 
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Early Maximal Strength Training Is an Efﬁcient Treatment for
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ABSTRACT. Husby VS, Helgerud J, Bjørgen S, Husby OS,
Benum P, Hoff J. Early maximal strength training is an efﬁ-
cient treatment for patients operated with total hip arthroplasty.
Arch Phys Med Rehabil 2009;90:1658-67.
Objective: To compare muscle strength, work efﬁciency,
gait patterns, and quality of life in patients undergoing total hip
arthroplasty (THA) randomly assigned to either maximal
strength training or a conventional rehabilitation program.
Design: A randomized controlled study.
Setting: Research laboratory, rehabilitation center, and physi-
cal therapy clinic.
Participants: Patients (N24) with osteoarthritis as the main
reason for THA were randomly assigned to perform maximal
strength training (n12) or conventional rehabilitation (n12).
Interventions: The maximal strength training group (STG)
performed maximal strength training in leg press and abduction
with the operated leg only 5 times a week for 4 weeks in
addition to the conventional rehabilitation program. The con-
ventional rehabilitation group (CRG) received supervised
physical therapy 3 to 5 times a week for 4 weeks.
Main Outcome Measures: 1-repetition maximum (1RM)
leg press strength, 1RM abduction strength, rate of force devel-
opment (RFD), work efﬁciency, gait patterns, and quality of life.
Results: 1RM increased in the bilateral leg press (P.002)
and in the operated leg separately (P.002) in the STG com-
pared with the CRG. 1RM abduction strength in the operated
leg (P.002) and the healthy leg (P.002) increased in the
STG compared with the CRG. RFD increased in the STG
compared with the CRG (Pg.030), followed by a trend to-
wards increased peak force in the STG (Pg.053) (Pg 
probability for differences between groups). Work efﬁciency
tended to improve in the STG compared with the CRG
(P.065). No differences in gait patterns were revealed be-
tween the groups after the training intervention.
Conclusions: Early maximal strength training 1 week post-
operatively is feasible and an efﬁcient treatment to regain
muscular strength for patients who have undergone THA, dem-
onstrated by a signiﬁcantly larger increase in muscular strength
and a trend towards a better work efﬁciency in the STG
compared with the CRG.
Key Words: Arthroplasty; Hip; Rehabilitation.
© 2009 by the American Congress of Rehabilitation
Medicine
TOTAL HIP ARTHROPLASTY is a common procedure inorthopedic practice.1 In 2004, the reported rates (per
100,000 population) for primary THA in the United States,
Canada, Australia, and New Zealand ranged from 70 to 150.2,3
The number is expected to increase as the population ages,
more people live longer, and a greater percentage of the pop-
ulation is obese.1,4 The main purpose of THA, besides pain
relief, is to restore hip biomechanics leading to a minimal
functional deﬁcit, and to secure the longevity of the implant.5
A large group of patients who underwent THA still have
mild to moderate long-term impairments postoperatively.6 The
impairments include reduced walking efﬁciency,7 pain, muscle
weakness of the hip abductors, contracture of the hip, gait
disorders, and weakness of the hip extensors and ﬂexors.8,9
These problems may, in turn, lead to complications such as
loosening of the implant and joint instability.10,11 A major
concern after THA is abductor weakness, particularly when the
lateral approach is used. An unsuccessful reattachment or a
denervation of the anterior gluteal ﬂap may occur with the
lateral approach.12 Several studies report postoperative abduc-
tor weakness.1,12-14
Adequate strength of the muscles of the lower extremity and,
in particular, the abductor muscles is required for a satisfactory
gait pattern without limping15 and to prevent falls.14 To im-
prove muscle strength, training intensity should exceed 60% of
1RM, and 80% to 90% of 1RM seems to be the optimal
load.16,17 McDonagh and Davies18 reviewed several resistance
training studies and reported that loads less than 66% of 1RM
produce little increase in strength even if up to 150 contractions
a day were performed. Maximal strength training is tradition-
ally performed with high loads of 85% to 95% of 1RM, few
repetitions, and with explosive movements.19 Several studies
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demonstrate maximal strength training to be an efﬁcient training
method to improve muscle strength as well as work efﬁciency.
The training method has been carried out successfully in healthy
subjects as well as patients with chronic obstructive pulmonary
disease, and in patients with coronary artery disease.20-24
Most patients are offered rehabilitation after surgery, either
in a rehabilitation center or by outpatient physiotherapy. Tra-
ditionally, rehabilitation programs consist of hip joint mo-
bilization, strengthening of surrounding muscles with low-
resistance weight, and gait training.6,25-27 Small increases in
maximal muscle strength of the operated leg are demonstrated
after standard rehabilitation following THA.1,28 Andersen et
al29 found low levels of neuromuscular activity after conven-
tional physical therapeutic exercises in the rehabilitation of
patients with knee injuries. Studies implementing higher train-
ing loads have been initiated 6 to 8 weeks30 or 4 months1 after
THA surgery.
The efﬁciency of the rehabilitation programs after THA has
been questioned.8,31,32 Further investigation is needed to im-
prove current rehabilitation. To our knowledge, early maximal
strength training in patients undergoing THA has not been
carried out previously.
We hypothesized that it is feasible to accomplish maximal
strength training in an early postoperative phase in patients
undergoing THA. Furthermore, we hypothesized that the group
who performed maximal strength training in addition to con-
ventional rehabilitation would improve strength, gait measure-
ments, and work efﬁciency signiﬁcantly compared with the
group who performed conventional rehabilitation only.
METHODS
Study Design
The study was designed as a randomized controlled study.
We randomly assigned the patients manually by drawing lots.
The procedure was performed by 2 persons not familiar with
the different treatment options. We randomly assigned the
patients to either the group performing maximal strength train-
ing in addition to the conventional rehabilitation program
(STG), or to the group that participated in the conventional
rehabilitation program only (CRG). Patients in the STG re-
ceived inpatient treatment at the same rehabilitation center for
4 weeks. In the CRG, 2 patients stayed at home and received
outpatient physical treatment, 8 patients attended the same
rehabilitation center as the STG, while the remaining 2 patients
received inpatient treatment at other rehabilitation centers. The
patients were tested preoperatively, 1 week postoperatively,
and 5 weeks postoperatively. The trial proﬁle of the study is
displayed in ﬁgure 1.
Patients
We recruited 24 patients from patients scheduled for THA in
the orthopedic department at St. Olav‘s University Hospital in
Trondheim, Norway. The STG consisted of 5 men and 7
women, whereas the CRG consisted of 4 men and 8 women.
Inclusion criteria were age less than 70 years, a diagnosis of
primary osteoarthritis as the main cause for elective THA
surgery, and an ASA score of PI. This classiﬁcation system
gives a summary of the preoperative status of the patient and
the risk the surgery implies for the patient. An ASA score of PI
indicates a healthy patient.33 Exclusion criteria included mus-
cular or skeletal disease that might inﬂuence the training and
physical testing performance, heart or lung diseases, and dia-
betes mellitus.
The study was approved by the regional ethics committee
and conducted in accordance with the Helsinki Declaration.
Each subject reviewed and signed consent forms that included
detailed information about the study. The consent form was
approved by the regional ethics committee.
Surgical Procedure
Only the direct lateral approach was used. Following a
posterior curved, lateral incision, the hip was exposed through
a direct lateral approach as described by Frndak et al34 and
modiﬁed by Hardinge.35 Thus the common muscle plate of the
anterior one-third of musculus vastus lateralis and musculus
gluteus medius was dissected subperiosteally from the greater
trochanter. The acetabular component and the femoral component
were inserted following the surgical procedures of the manufac-
turers. The femoral component was uncemented, customized po-
rous and hydroxyapapatite-coateda with a 28-mm ceramic head.b
The acetabular component was an uncemented Trilogy cup with a
cross-linked polyethylene liner.c Under reconstruction of the ab-
ductor muscles, the common muscle plate was reinserted to the
greater trochanter with 2 nonresorbable osteosutures (Premi-
Crond). Furthermore, this ﬁxation was reinforced with a con-
tinuously sewed, slowly resorbable looped monoﬁlament su-
ture (MonoPlusd). Skin was closed with unresorbable suture
(Daﬁlond). All surgical procedures were performed by the same
orthopedic surgeon specializing in THA surgery with 25 years
of experience. By using a combination of nonresorbable and
slowly resorbable sutures, the use of heavier loads in the
postoperative training program is justiﬁed. The postoperative
medical prescription included full weight-bearing. Training
started 1 week postoperatively.
Hip offset was deﬁned as the perpendicular distance between
the long axis of the femur and the center of rotation of the
femoral head.36 Postoperatively, measurements of the operated
and healthy hip were compared.
Training Protocol
All patients received a medical prescription from the ortho-
pedic surgeon who also gave exercise instructions for the
conventional rehabilitation program. The conventional rehabil-
itation for all patients having inpatient treatment in a rehabil-
itation center consisted of individual sling exercise therapy in
hip abduction/adduction, hip ﬂexion/extension, exercises with
low resistance (12–15 repetitions37), or no resistance and
exercises performed in water when sutures had been removed.
Each session lasted 1 hour and was performed 5 days a week
for 4 weeks. The patients attended educational classes twice a
week. The 2 patients in the CRG who stayed home after being
discharged from the hospital received outpatient treatment su-
pervised by a physician 3 times a week with instructions to
carry out prescribed exercises at home 2 times a week.
In addition to the conventional rehabilitation program, all
patients in the STG performed, from 1 week after the operation,
5 training bouts a week for 4 weeks consisting of a 10-minute
warmup period performed by stationary cycling at an intensity
corresponding to 50% of V˙ O2max. The maximal dynamic
strength training regimen consisted of 2 exercises, leg press
and hip abduction, that included 4 series of 5RM involving the
operated leg only. 5RM corresponds to approximately 85% of
1RM.38 When the patients managed to perform 6RM, the load
was increased by 5kg. The series were separated by resting
periods of 2 minutes. Leg press was performed in a leg press
ergometer in a seated position with a knee joint angle of 90°
and a ﬂexion angle of 90° maximum in the hip joint (to avoid
hip luxation), with a range of motion of 90° to 45° in the hip
joint and 90° to 0° in the knee joint (ﬁg 2). Hip abduction was
performed using a standard pulling apparatus. The patients
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Fig 1. Flow chart of the study.
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were standing in an upright position stabilized by parallel bars
with a 15-cm broad sling placed at the medial malleolus of the
trained leg (ﬁg 3). The patients were instructed to stand in an
upright position and to keep the foot pointing forward during
the abduction exercise. Range of motion was 0° to 25° in the
hip joint. When the patients managed to perform 6RM, the load
was increased by 1kg. The training sessions were supervised by
2 exercise physiologists with experience from a hospital ortho-
pedic hip joint unit.
Testing Procedures
Before testing procedures, the patients performed 10 minutes
of treadmill walking at a given inclination and speed, or sta-
tionary cycling with an exercise intensity corresponding to
50% of V˙ O2max. At the preoperative test, where V˙ O2max was
unknown, the intensity was kept at a level where the patients
were able to talk effortlessly. The patients performed the test-
ing procedures in the same order at all tests.
Strength measurements. The physical tests started with
determining bilateral 1RM leg press followed by testing the
right and left leg separately. The patients performed the
strength tests in a seated position in a leg press ergometere with
a knee joint angle of 90° between the femur and tibia and a 90°
joint angle in the hip. The initial weight load was based on a
subjective estimation of the patient’s capacity to prevent the
ﬁtter patients from starting at too low an intensity. The patients
used 4 to 5 attempts to determine 1RM. We increased the
weight load by 5 to 10kg at each ramp and terminated the test
when the patients no longer managed to perform the leg press
movement.
We measured force development, determined as RFD and PF,
with data collected at 2000Hz using a force platform with software
speciﬁcally developed for the platform.f The force platform con-
sists of an aluminum top plate placed on top of 3-component force
sensors that allows measurements of force and torque in 3 axes,
that is, vertical, left, and right horizontal. The patients performed
the test of RFD and PF in a seated position in a leg press
ergometere with a knee joint angle of 90°. The weight load was
40kg during bilateral testing and 10kg during single leg testing for
all patients. We mounted the Kistler force platform in front of the
leg, placed in a vertical position on the leg press ergometer. RFD
expresses the ability of the patient to develop muscle strength
rapidly. PF is the highest force attained during the movement.
RFD is determined as 10% to 90% of PF obtained from the
maximum slope of the force-time curve.39 The RFD parameter
has important functional signiﬁcance, such as an athlete’s perfor-
mance in the sprint39 or preventing a fall in an elderly person.40
We measured 1RM abduction using a custom-made table.
The patients were tested in a supine position. To enable max-
imum stabilization, we stabilized the pelvis by using an adjust-
able clamp arch against the ala ossis ilii. The patients per-
formed 1RM abduction of the right and left leg. One leg was
resting in a sling while the other leg was tested. We placed
the testing leg in a 15-cm broad sling horizontally mounted to the
pulling apparatus with a rope. We placed the lower edge of the
sling at caput ﬁbulae. We increased the weight load by 5kg at each
ramp and terminated the test when the patients no longer managed
to perform the abduction movement. We instructed the patients to
perform the event with the arms placed on the chest and to keep
the performing leg extended with the foot pointing forward using
a horizontal movement. Range of motion in the abduction move-
ment was 0° to 25°.
Gait patterns. We recorded gait patterns while the patients
were walking at a standardized velocity of 4km/h on a hori-
zontal treadmill (Runrace 1200 HCe). We used a Pedar-X
dynamic pressure distribution measure system for capacitive
sensors.g The Pedar measurement system has been proven to be
a valid and reliable measure of contact area and peak pres-
sure.41,42 Data were collected at 50Hz. Force was calculated as
the sum of pressure multiplied by areal for all 99 sensors in
each insole. We calculated step length, PF heel/toe, stance
time, and impulse. Step length was deﬁned as the interval
between initial contact of each foot.43
Two ﬂexible insoles with sensors were placed in the right
and left shoe, respectively. We logged pressure ranges during
walking and analyzed them. Before recording, the patients
walked with the measuring equipment for 2 minutes to ensure
a steady state of walking, without being informed about the
recording period. The recording measurement duration was 30
seconds, and we used the recorded steps from 11 to 20 in each
subject in the analysis of gait parameters.
Fig 2. Leg press exercise during training.
Fig 3. Abduction exercise during training.
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Work efﬁciency. The patients walked on a treadmill for 5
minutes at a standardized workload corresponding to 40W. We
calculated work efﬁciency from 3.30 to 4.30 minutes during the
5-minute standardized workload test.44 We measured all ven-
tilatory parameters and pulmonary gas exchange using the
Cortex Metamax I portable metabolic test system.h For mea-
surements of heart rate, we used short-range radio telemetry
with Polar accurex watches.i Net efﬁciency was calculated by
the following equation:
Load (watt) of exercise · 0.01433 (kcal · min1)
Energy expenditure during exercise REE (kcal · min1) · 100
REE was calculated from standardized values of 3.5mL·kg–1·min–1.
Both VO2 and watts were converted to kilocalories to allow the
calculation of percent work efﬁciency. Work efﬁciency reﬂects
the percentage of total energy expended that contributes to
external work, with the reminder lost as heat.45
Maximum oxygen consumption. We tested V˙ O2max by
treadmill walking. We determined V˙ O2max by increasing speed
and inclination each minute until the patients decided to ter-
minate the test. We measured all ventilatory parameters and
pulmonary gas exchange using the Cortex Metamax I portable
metabolic test system. For measurements of heart rate, we used
short-range radio telemetry with Polar accurex watches. The
highest heart rate recorded during the last minute of the test
was used as the maximum heart rate. V˙ O2max is deﬁned as the
highest V˙ O2 the person can attain during exercise involving
large muscle groups.46
After the V˙ O2max test, the patients gave a subjective eval-
uation of perceived exertion by end-exercise leg effort and
breathlessness using the Borg ratio scale. The scale ranges
from 6 to 20, where 20 represents the highest degree of
exertion.47
Health-related quality of life. We used the SF-36 to de-
termine health-related quality of life after each test. The survey
contains an evaluation of both PCS and MCS. The scale ranges
from 0 to 100, where 100 indicates optimal health.48 The SF-36
is a widely used and validated survey and has been translated
and validated for Norwegian conditions.49
Clinical function score of the hip. For clinical evaluation
of hip function we used the Merle D’Aubigné and Postel
scoring system preoperatively and after 5 weeks. The scoring
system evaluates pain, joint mobility, and gait function with a
range from 3 to 18, where 18 indicates optimal function of the
hip.50
Statistical Analysis
With a power of .80 and an expected increase in 1RM in the
operated leg by 20kg after the intervention period,22 9 patients
were needed in each group. We used the software program SPSS
16.0j for statistical analysis. Data are presented as mean  SD.
We tested variables for normality by Q-Q plot. Preoperatively,
we compared the groups by 2-sample t tests. We measured
work efﬁciency by 2-sample t tests at all tests because of
missing variables at the test 1 week postoperatively. We com-
pared postoperative hip offset between the groups by 2-sample
t tests. We studied variables obtained 1 week and 5 weeks
postoperatively by 2-way analysis of variance for repeated
measurements with time as within factor and STG versus CRG
as grouping factor. When a signiﬁcant interaction between
main effects was found, a 2-sided multiple contrast test within
each group and between groups at each point in time were
performed with the appropriate adjustments of the degrees of
freedom.51 We considered a P value less than .05 as signiﬁcant
for all measurements.
RESULTS
One week postoperatively, we excluded submaximal VO2
tests from analysis because of severe difﬁculties for the patients
to walk without support for the time necessary to perform the
test adequately. The variety of body mass normalization pro-
cedures (dimensional scaling) did not affect the results and are
not presented in the Results section.
Anthropometric Data
Body mass signiﬁcantly decreased from the 1- to 5-week
postoperative tests, averaging 2.2% (P.001). Differences in
offset between the operated and healthy leg were 1.12.7 and
2.62.5 in the STG and CRG, respectively, which was not
signiﬁcantly different between the groups (P.223). The Merle
D’Aubigné and Postel score was not signiﬁcantly different
between the groups either preoperatively or 5 weeks postoper-
atively.
Preoperatively, the Merle D’Aubigné and Postel score was
101 in both STG and CRG (P.445). Five weeks postoper-
atively, the corresponding value was 171 in both groups
(P.207). No signiﬁcant group differences in age, mass,
height, or body mass index were found. Preoperative anthro-
pometric data of the patients are presented in table 1.
Strength Measurements
At 1 week after the operation, there was no difference
between groups in 1RM bilateral leg press strength. At the
5-week test, a signiﬁcant increase was found in 1RM bilateral leg
press for both groups. The improvement was more pronounced,
40.9%, in the STG compared with the CRG (P.002). The same
pattern of change was found in corresponding results from the
operated leg; 1RM was not different 1 week after the operation
and increased in both groups, but increased more in the STG,
being 65.2% higher compared with the CRG after 4 weeks of
training (P.002). After the operation, RFD in the operated leg
was 64.5% higher in the STG compared with the CRG
(Pg.030) and increased in both groups between the ﬁrst and
the ﬁfth postoperative week (Pw.001).
Neither the bilateral PF nor healthy leg PF differed be-
tween groups 1 week after the operation. Both variables
improved signiﬁcantly in the STG compared with the CRG
after 4 weeks of training: 61.7% for both legs (P.002) and
48.3% (P.02) for the healthy leg, respectively. Neither
bilateral PF nor healthy leg PF increased signiﬁcantly in the
CRG 1 to 5 weeks postoperatively. There was a trend
towards a higher PF in the operated leg in the STG com-
pared with the CRG (Pg.053). At 1 week after the opera-
tion, abduction strength did not differ between groups either
in the operated or in the healthy leg. Abduction strength in
the operated leg increased with training in both groups, but
the increase was more pronounced in the STG, by 87%,
Table 1: Preoperative Anthropometric Data for the STG and
the CRG
Subject Characteristics STG (n12) CRG (n12) P
Sex (M/W), n 5/7 4/8 .689
Age (y) 585 568 .343
Mass (kg) 84.611.2 80.918.4 .552
Height (cm) 1749 17011 .348
BMI (kg/m2) 28.12.9 28.26.5 .967
Merle DAubigné Postel (3–18) 101 101 .445
NOTE. Values are mean  SD unless otherwise indicated.
Abbreviation: BMI, body mass index; M, men; W, women.
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versus the CRG (P.002). In the healthy leg, only the STG
increased strength from 1 to 5 weeks. At the 5-week test,
abduction strength in the healthy leg was 48.6% higher
compared with the CRG (P.002). Strength measurements
are presented in table 2.
Gait Parameters
No signiﬁcant differences between the groups were found at
the 1- and 5-week tests. All gait parameters improved in the
STG and the CRG 1 to 5 weeks postoperatively. The different
gait parameters are presented in table 3.
Work Efﬁciency
No signiﬁcant difference between the groups was found after
1 week. Five weeks postoperatively there was a signiﬁcantly
lower heart rate in the STG by 11.4% (P.041). There was a
trend towards a better work efﬁciency in the STG after 5 weeks
by 32.3% (P.065). The results are presented in table 4.
Maximum Oxygen Consumption
No signiﬁcant differences between the groups were found in
the V˙ O2max tests. The V˙ O2max, heart rate, and respiration
Table 2: Strength Measurements for the STG and the CRG
STG (n12) CRG (n12)
Measure T1 T2 T3 T1 T2 T3 ANOVA Main Effects
Leg press strength (kg)
1RM both legs 19371 10336 19354†‡ 17149 8926 13742§ Pw.001, Pg.035, Pi.001
1RM operated leg 8531 239 7620†‡ 7222 1811 4614§ Pw.001, Pg.001, Pi.001
1RM healthy leg 10538 9132 10328 9933 8132 8830 Pw.023, Pg.288, Pi.605
Force development (N·s–1)
RFD both legs 25721508 1321948 26321435 27132117 1036828 20601398 Pw.001, Pg.340, Pi.482
RFD operated leg 1422723 568698 1680816 1293897 233162 1021601 Pw.001, Pg.030, Pi.244
RFD healthy leg 1581780 1679955 2080924 1573795 1304892 17481291 Pw.025, Pg.364, Pi.902
Maximal force (N)
PF both legs 1005422* 587234 967379†‡ 714200 451194 598194 Pw.001, Pg.026, Pi.045
PF operated leg 565238 278150 526180 412146 19086 380202 Pw.001, Pg.053, Pi.636
PF healthy leg 608250 501245 654230†‡ 529224 414192 441199 Pw.005, Pg.156, Pi.028
Abduction strength (kg)
1RM operated leg 2715 97 4315†‡ 2416 115 239§ Pw.001, Pg.019, Pi.001
1RM healthy leg 3717 3117 5518†‡ 3216 3115 3713 Pw.001, Pg.142, Pi.003
NOTE. Values are mean  SD for each variable.
Abbreviations: ANOVA, analysis of variance; T1, test preoperatively; T2, test 1 week postoperatively; T3, test 5 weeks postoperatively.
*Differences between the groups preoperatively by 2-sample t tests. Pw, Pg, and Piprobability for difference within and between groups and
for interaction, respectively.
†Differences between the groups at T3 by post hoc multiple contrast tests.
‡Different from T2 in the STG group.
§Different from T2 in the CRG group.
Table 3: Gait Patterns at 4km/h for the STG and the CRG
STG (n12) CRG (n12)
Measure T1 T2 T3 T1 T2 T3 ANOVA Main Effects
Step length OL (cm) 63.48.9 51.113.9 67.36.7 61.617.2 50.611.4 67.56.6 Pw.001, Pg.961, Pi.862
Step length HL (cm) 64.98.2 56.311.3 68.95.3 64.018.2 54.213.1 70.08.6 Pw.001, Pg.886, Pi.417
PF OL (N) 714134 517136 653118 672196 501120 589103 Pw.001, Pg.391, Pi.194
PF HL (N) 71372.0 55994 65965 702204 553134 617113 Pw.001, Pg.551, Pi.269
PP OL (N·cm2) 24.506.98 18.257.15 22.543.46 25.4211.17 18.847.40 22.756.70 Pw.020, Pg.845, Pi.908
PP HL (N·cm2) 25.117.06 19.273.46 22.673.97 27.1011.66 22.557.48 25.698.83 Pw.019, Pg.175, Pi.920
PP OL heel (N·cm2) 16.155.09 9.372.92 16.444.41 15.734.90 9.132.82 14.852.48 Pw.001, Pg.389, Pi.414
PP HL heel (N·cm2) 17.616.44 14.184.43 18.594.14 16.825.69 15.216.22 17.838.79 Pw.005, Pg.995, Pi.429
PP OL forefoot (N·cm2) 24.207.37 16.775.83 22.084.05 25.7311.19 18.797.40 23.187.40 Pw.005, Pg.454, Pi.773
PP HL forefoot (N·cm2) 24.886.89 17.103.76 22.104.01 27.5711.52 21.626.60 24.237.43 Pw.006, Pg.102, Pi.354
Stance time OL (s) 0.5920.047 0.7900.097 0.6020.064 0.6150.071 0.7570.128 0.6580.080 Pw.001, Pg.709, Pi.068
Stance time HL (s) 0.6050.035 0.8850.113 0.6200.047 0.6390.077 0.8130.150 0.6860.110 Pw.001, Pg.932, Pi.025*
Impulse, OL (N·s) 29874 243100 26859 294100 22281 26867 Pw.018, Pg.723, Pi.437
Impulse, HL (N·s) 29041 31992 26456 304100 316102 27874 Pw.011, Pg.843, Pi.609
NOTE. Values are mean  SD for each variable. Pw, Pg, and Piprobability for difference within and between groups and for interaction,
respectively. Step length, cm between steps; stance, contact pressure; impulse, force by time.
Abbreviations: HL, healthy leg; OL, operated leg; PP, peak pressure; T1, test preoperatively; T2, test 1 week postoperatively; T3, test 5 weeks
postoperatively.
*No signiﬁcant difference after post hoc multiple contrast tests.
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coefﬁcient increased signiﬁcantly in both groups 1 to 5 weeks
postoperatively. The Borg scale did not differ signiﬁcantly in
either group 1 to 5 weeks postoperatively. The results are
presented in table 4.
Health-Related Quality of Life
The MCS score from the SF-36 was 21.7% higher (P.005)
in the STG (568) compared with the CRG (4611) 1 week
after the operation. In the CRG, the score increased by 17.4%
(P.005), reaching levels not signiﬁcantly different from the
STG 5 weeks after the operation. The PCS increased in both
groups 1 to 5 weeks postoperatively: from 326 to 378 in the
STG and from 304 to 385 in the CRG, averaging 21.5%
(Pw.001), with no difference between the groups (Pg.897).
DISCUSSION
The main ﬁnding in this study is that the STG shows sig-
niﬁcantly higher performance in leg press, RFD, and hip ab-
duction after the 4-week training intervention compared with
the CRG. There was a trend towards higher walking efﬁciency
in the STG 5 weeks postoperatively. The study demonstrates
that it is both feasible and safe to carry out maximal strength
training 1 week after undergoing THA.
The patients in the STG performed training with a load
corresponding to 80% to 90% of 1RM. Maximal strength
training induced a great increase in strength both in leg press
and hip abduction in the STG compared with the CRG 5 weeks
postoperatively. Muscle strength in the operated leg increased
by 230% (leg press) in the STG in the present study, indicating
maximal strength training to be highly effective. The strength
outcome and the concomitant increase in RFD are in line with
the ﬁndings of Hoff,22 Karlsen,23 and colleagues. Suetta et al.28
demonstrated increased leg muscle strength by 22% to 28%
after a 12-week resistance training intervention after THA. The
resistance training started at approximately day 7 with an
intensity of 50% of 1RM the ﬁrst week, increasing to 80% of
1RM 6 weeks postoperatively. The increase in strength was
less compared with the strength achieved in the present study,
and the strength improvement occurred between 5 and 12
weeks when the training load was higher than 70% of 1RM.
Abduction exercises were not conducted in the study by Suetta
et al.28 Because strength of the abductor muscles is crucial for
walking without limping and preventing falls, as mentioned
earlier, it would be natural to include speciﬁc training of these
muscles.
Trudelle-Jackson and Smith1 report strength and stability
beneﬁts from a weight-bearing program initiated 4 months
postoperatively. Hauer et al30 show increased strength and
functional performance in patients undergoing hip surgery after
intensive strength training starting 6 to 8 weeks postopera-
tively. Compared with the present study, the strength training
was initiated relatively late. Initiating the massive strength
training as soon as possible after the surgery is of great impor-
tance because major surgery and subsequent hospitalization are
known to cause a severe decline in muscle mass and muscle
strength.28,52 Muscle strength declines 3% to 4% a day during
the ﬁrst week of immobilization.53 Furthermore, because of
activity-related pain and contracture of the hip, most patients
experience a period of inactivity before surgery.
In the present study, work efﬁciency was expected to be
signiﬁcantly improved in the STG compared with the CRG
after the intervention period, reﬂecting the greater muscle
strength and the increased RFD in the operated leg in the STG.
Several studies report a correlation between increased
strength, RFD, and improved work efﬁciency.20-22,24 How-
ever, Bishop,54 Nakao,55 and colleagues failed to discover
improvement in endurance performance despite increased 1RM
in leg strength, which is in line with the ﬁndings in the present
study. It is reasonable to assume that a longer follow-up period
would have demonstrated a higher effect on walking efﬁciency
from the increased 1RM in leg press and abduction. That is, 5
weeks postoperatively, the patients seem not able to fully
beneﬁt from the gained muscular strength to increase work
efﬁciency.
No signiﬁcant differences between the groups concerning
gait variables were displayed after the intervention period.
Loizeau et al56 found that patients ﬁtted with THA walked
more slowly and had a longer stance time and a shorter stride
length compared with healthy subjects. Sicard-Rosenbaum et
al14 compared patients undergoing THA 9 months to 6 years
earlier with an age-and sex-matched control group. Maximum
walking speed was higher in the control group, but gait param-
eters such as step and stride length, stance time, support base,
step, swing, and single and double support time were not
signiﬁcantly different between the groups. Detecting differ-
ences in walking speed but not in other gait parameters is in
Table 4: V˙O2max and Work Efﬁciency for the STG and the CRG
STG (n12) CRG (n12)
Measure T1 T2 T3 T1 T2 T3 ANOVA Main Effects/t test
V˙O2max test
VO2max
(mL·kg1·min1)
29.47.9 21.47.0 29.86.3 28.012.3 19.24.7 25.59.8 Pw.001, Pg.222, Pi.426
Max HR (beats·min1) 16011 13619 16313 16020 13925 15723 Pw.001, Pg.800, Pi.515
R (VCO2/VO2) 1.060.1 0.990.07 1.140.09 1.060.1 0.980.06 1.050.07 Pw.003, Pg.081, Pi.101
Borg scale* (620) 161 162 171 161 161 162 Pw.180, Pg.784, Pi.410
Work efﬁciency test
Work efﬁciency (%) 16.25.9 ND 17.67.7 14.03.9 ND 13.35.8 .065
VO2 (mL·kg
1·min1) 17.42.5 ND 16.33.2 18.73.0 ND 18.33.0 .129
HR (beats·min1) 11815 ND 11415† 12313 ND 12715 .041
NOTE. Values are mean  SD for each variable. Pw, Pg, and Pi, probability for difference within and between groups and for interaction,
respectively.
Abbreviations: ANOVA, analysis of variance; HR, heart rate; ND, no data; R, respiration coefﬁcient; T1, test preoperatively; T2, test 1 week
postoperatively; T3, test 5 weeks postoperatively; VCO2, carbon dioxide consumption.
*Borg scale, subjective evaluation of perceived exertion.
†Differences between the groups at T3 by 2-sample t tests.
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line with the ﬁndings in the present study, except maximum
gait speed, which we did not measure. However, Vaz et al57
demonstrated abductor strength to be related to distance walked
during a 6-minute walk test, conﬁrming the importance of
abductor strength in walking speed. Weak hip abductors may
sufﬁce for walking at a self-selected pace,14 and it can be
speculated whether a faster walking speed than 4km/h would
have revealed differences in some of the gait variables among
the groups in the present study. Weaker abductor musculature
on the operated side in the CRG may have contributed to poor
trunk control during body weight transfer from the operated to
the healthy leg.56 The poor trunk control in the CRG may have
been more pronounced with faster walking speeds.14
For decades, partial weight-bearing versus full weight-bear-
ing in uncemented THA during the ﬁrst 8 weeks has been
discussed. Several authors now report no adverse effects of full
weight-bearing immediately after surgery.58-60 Instead, full
weight-bearing is documented to reduce hospital stay and im-
prove the rehabilitation process.59 Questions can be asked
about whether maximal strength training is recommended for
patients immediately after THA. The reason for the problem to
be addressed is whether the strength of the reattachments of the
musculus gluteus medius to the greater trochanter when the
lateral approach is used. In the present study, the Merle
D’Aubigné and Postel mean score was 17 in both groups after
5 weeks, indicating a normal gait without limping and a suf-
ﬁcient reattachment of the gluteus medius to the trochanter
major. Furthermore, biomechanical calculations demonstrate a
torsion moment in the caput femoris of 37Nm in a 75-kg person
if normal offset in single leg stance, such as stair climbing,61
which corresponds to 90kg. The weight load mimics the leg
press intervention in the present study.
Quality-of-life measurements demonstrated a higher MCS in
the STG at the test 1 week after surgery. This may be explained
by the effect of being the intervention part of a study and the
fact that the participants knew they would get extra follow-up
time. No differences in the quality-of-life variables were de-
tected 5 weeks postoperatively. An explanation may be that
generic instruments, such as the SF-36, may often lack the
sensitivity to detect differences between treatment policies that
are compared in clinical trials. Disease-speciﬁc scales may
have revealed differences among the groups because they gen-
erally are more responsive than generic health status mea-
sures.62
Two of the patients in the CRG had outpatient treatment.
The physical outcomes of the 2 patients, however, did not
differ from the other participants in the CRG. Recent studies
demonstrate no differences in functional outcomes, pain, or
patient satisfaction between groups allocated to inpatient or
outpatient rehabilitation,63 or to home- or center-based exercise
programs.64
In the present study, the training duration was relatively
short. A longer duration of the training period (10–12wk) may
have revealed differences between the groups in work efﬁ-
ciency as well as gait patterns. Future studies would beneﬁt
from a larger sample size and a longer training period for the
participants. Adding the variables maximum walking speed or
a 6-minute walking test may result in differences between the
groups in gait variables. A higher work load than 40W may
have been favorable in demonstrating differences in work
efﬁciency.
Study Limitations
The sample size of the study was small based on strength
differences in a maximal strength training intervention. Work
efﬁciency and gait pattern data were not available for the
patient group, and a higher sample size is required to detect
statistical differences. Although different physicians super-
vised the patients in the study and 2 of the patients received
outpatient treatment, the signiﬁcant results show that early
maximal strength training increases lower extremity strength
after THA.
CONCLUSIONS
The present study demonstrates that maximal strength train-
ing is an appropriate treatment in an early postoperative phase
after THA. Furthermore, maximal strength training improves
muscular strength to a higher extent in the STG compared with
the CRG, together with a trend towards higher work efﬁciency.
No difference in gait patterns or quality-of-life measurements
between the groups was detected after the intervention period.
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